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Abstract
The widespread use of conducting polymers has been hindered by their lack of

processability. Therefore, an ongoing challenge has been to find processing methods for
producing large quantities of these materials, with properties suitable for industrial
applications. This thesis focuses on the electrosynthesis and characterisation of
conducting polymer colloidal dispersions in order to achieve this objective. The
synthesis of colloidal conducting polymers allows for post-synthesis processability
while retaining reasonable conductivity.

Two types of conducting polymers were prepared in this project, namely colloidal
polypyrrole and polyaniline. These were synthesised via the electrochemical
polymerisation of the monomer in a hydrodynamic electrochemical flow-through cell.
Various designs of the hydrodynamic electrochemical cell were investigated for their
efficiency in terms of monomer conversion into polymer product. A three-compartment
electrohydrodynamic cell with a reticulated vitreous carbon working electrode using a
moderate flow rate of 40 rnL/min was found to be the most efficient.

Various parameters were optimised to produce a more efficient colloidal polymer
synthesis. The steric stabiliser concentration was one such variable. An optimum

stabiliser concentration of 3 g/L was found to produce stable polypyrrole colloids whil
retaining the electrical behaviour of the polymer. Optimum yield of colloid was
obtained using a large polymerisation solution volume, low monomer concentration,
extended polymerisation time and a high porosity working electrode. The maximum

i

amount of colloid w a s obtained under potentiostatic conditions, since the potential for
the polymerisation can be chosen so as to avoid over-oxidation of the polymer. The
colloidal particle size and morphology were also found to be dependent on the
polymerisation conditions, for instance the steric stabiliser employed to stabilise the
forming particles.

The main limitation of this processing method for polypyrrole colloids was that under
most conditions more than 90 % of the colloid mass was lost on the working electrode
surface. Some success in decreasing this polymer deposition was achieved by modifying
the electrode surface with a polyaniline outerlayer.

Electrochemical polymerisation allows the incorporation of unusual dopants such as
proteins into the conducting polymer. In this project electrosynthesis was successfully

utilised for the synthesis of polypyrrole colloidal particles incorporating the biologic

dopant, iactoferrin. The protein was found to retain its biological activity. This indica
that electrosynthesis provides sufficient control over the oxidation potential so as to
protect the delicate protein structure necessary to ensure bioactivity.

The thesis also explores the electrosynthesis of novel, chiral conducting polymer
colloids. Chiral conducting polymers have attracted considerable recent interest, owing
to their potential as chiral electrodes in asymmetric electrochemical synthesis or as
electroactive membranes/ion-exchange materials for the separation of enantiomeric
anions. In the present study, the chiral dopants (l_T)-(+)- or (Lr.)-(-)-10camphorsulfononic acid (HCSA) were incorporated into colloidal polyaniline to
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examine whether the chiral dopant can induce optical activity into the polymer chain.
Initially, chiral polyaniline colloids were successfully prepared in the presence of
poly(styrenesulfonate) (PSS) as steric stabiliser. A PSS concentration of > 6 g/L was

required in order to avoid over-oxidation after 60 min of electropolymerisation, with the
maximum optical activity of the stable emeraldine salt colloids being achieved with a
PSS concentration of 10 g/L.

In order to overcome the problem of competitive doping between PSS~ and CSAanions (curtailing the optical activity of the colloidal polyaniline) when using the
poly(styrenesulfonate) stabiliser, analogous electropolymerisation of aniline using fine
colloidal silica particles (20 nm) as dispersant was investigated. Stabilisation was
achieved by the formation of "raspberry" polyaniline.HCSA/silica nanocomposites.
Silica-stabilised polyaniline/HCSA dispersions showed higher optical activity than
those prepared using PSS as a steric stabiliser. The optically active fractions of the
polyaniline colloids were found to be remarkably inert to oxidation, reduction and
alkaline de-doping. In contrast, the optically inactive polyaniline components of these
colloids underwent facile redox and pH switching. The exceptional chemical stability of
the optically active polyaniline silica colloids suggests that they may provide useful
conducting materials in harsh chemical environments where other achiral polyaniline
salts would be converted into insulators.

A "core-shell" morphology approach to colloidal stabilisation was then investigated.
Polyurethane latex particles with poly(ethyleneoxide) chemically grafted on the surface
were utilised for electrochemical chiral polyaniline production. This proved to be the
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most efficient method for colloid stabilisation and m a x i m u m optical activity since the
particle core is the latex particle, while the surface constitutes the chiral polyaniline
component.

Finally, the preparation of optically active polypyrroles potentiostatically deposited on
indium-tin-oxide films incorporating the chiral dopant anions (1 _•)-(+)- or (li?)-(-)-10camphorsulfonate was investigated. No optical activity was observed indicating that, in
contrast to a recent report, the polypyrrole chains do not exhibit induced chirality.
However, similarly deposited PPy.(+)-tart, PPy.(-)-tart, PPy.dibenzoyl-D-tart, PPy.(+)mand and PPy.(-)-mand films were weakly optically active, confirming partial chiral
induction in their polypyrrole backbones. The considerably weaker chiral induction
observed compared to that previously found in related electropolymerisations of aniline
may arise from the absence of polar substituents on the pyrrole backbone necessary for
strong interaction with the chiral dopant anions.
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CHAPTER 1
General Introduction

1.1. COLLOIDAL DISPERSIONS

1.1.1. Colloidal Systems
Colloids constitute all biological systems and are involved in a wide array of industrial
processses and applications. Their use in industry has been exploited since early
civilisation in processes such as ceramics, printing ink and textile colours.1 M a n y
processes, such as waste water treatment, also draw their technical expertise from
colloidal behaviour. However, the field of colloid science remained neglected for m a n y
years due to the difficulty in understanding the chemical and physical properties of these
tiny particles.

1.1.2. The State of Colloidal Dispersions
Colloids are an intermediate class of materials lying between bulk materials and
molecularly dispersed systems.2 A dispersion is termed colloidal if at least one
dimension of the particle is in the l n m to l|im range. Colloids are two phase systems;
the particles are classified as the dispersed phase and the m e d i u m in which the particles
are dispersed is termed the dispersion medium. In a true solution the dispersed particles
are extremely small, less than l n m in size. S o to distinguish a colloid from a true
solution, the light scattering technique is employed. This technique makes use of the
1

Tyndall effect, based on the fact that ions and molecules in true solutions are too small
to scatter light.

There are three states of matter (solid, liquid and gas), hence any combination of two

states would result in a possible colloidal dispersion. In total there are nine possib

combinations, but a dispersion of a gas in a gas is a solution and not a colloid. The 8
possible variations of colloidal systems are shown in Table 1.1 with examples.

Table 1.1. Types of colloidal dispersions and examples.
Dispersed

Dispersion

Phase

Medium

Gas

Name

Example

Liquid

Foam

Fire extinguisher

Gas

Solid

Solid foam

Polystyrene

Liquid

Gas

Liquid aerosol

Fog

Liquid

Liquid

Emulsion

Milk, mayonnaise

Liquid

Solid

Solid emulsion

Pearl, opal

Solid

Gas

Solid aerosol

Smoke, dust

Solid

Liquid

Sol

Toothpaste

Solid

Solid

Solid suspension

Pigmented plastics

The factors which have the greatest influence in colloidal systems are:
(i) particle size,
(ii) particle shape and flexibility,
(iii) surface (including electrical) properties,
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(iv) particle-particle interactions, and
(v) particle-solvent interactions.

1.1.3. Classification of Colloidal Dispersions
Colloids can be subdivided into two categories, lyophobic (solvent-hating) and lyophilic
(solvent-loving). The terms lyophobic and lyophilic refer to the capacity of a surface or
functional group to become solvated. Lyophobic colloidal systems are dispersions
where there is little attraction between the particles and the dispersion medium.4
However, if there is no solvation between the particles and the medium then there is no
dispersion. Hence some components of the particle surface must exhibit attraction to the
solvent. Lyophobic systems are unstable with respect to aggregation and separation into
macroscopic phases can occur. However, many remain unchanged for long periods of
time.

Lyophilic systems are true solutions where there is strong affinity between the particles

and the solvent and one dimension of the particles is in the colloidal range. For instance,
proteins in aqueous media are lyophilic systems.

1.1.4. Colloidal Stability
Colloidal particles in dispersion undergo Brownian motion, where they are continually
colliding with each other. The dispersion will remain stable if these collisions do not
result in aggregation of the particles. Some mechanisms that can prevent aggregation of
particles are electrostatic and steric stabilisation.5 In electrostatic stabilisation, the
particles are given electric charge of the same sign and therefore repel each other. With

3

steric stabilisation, the particles are coated with an adsorbed layer of polymer that
prevents the close approach of two particles.

1.1.5. Steric Stabilisation
Steric stabilisation is the most commonly exploited technique for colloid stability.5 The
steric stabiliser is attached or adsorbed onto the surface of the colloidal particles
inducing stability. Steric stabilisation is more commonly used than electrostatic
stabilisation due to several relative advantages:5
(i) steric stabilisers are not affected by the presence of an electrolyte,
(ii) they are effective in both aqueous and non-aqueous media,
(iii) they are effective at low and high particle fraction,
(iv) flocculation of sterically stabilised colloidal dispersions is reversible, and
(v) they possess good freeze-thaw stability.

1.1.6. Particle Growth and Nucleation
The formation of a new colloidal particle involves two distinct stages:
(i) nucleation involving the formation of a new centre of crystallisation, and
(ii) crystal growth.

The size of the particle is determined by the relative rates of these two processes.3 The
rate of particle growth depends largely on the following factors:
(i) amount of material available,
(ii) viscosity of the medium which determines the rate of diffusion,
(iii) ease of material orientation and incorporation into the colloidal particle,
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(iv) adsorption of impurities which act as growth inhibitors, and
(v) particle-particle aggregation.

1.1.7. Particle Size, Charge and Morphology
The particle size and morphology are the most important characteristics of a colloidal
dispersion, since most other features of the system are dependent on them. The major
innovations towards characterising colloidal systems have therefore been the discovery
of transmission and scanning electron microscopy techniques.

The charge on a colloidal particle is another important feature. It is quantified by the
zeta potential, which is a measure of the charge potential at the plane of shear
surrounding a colloidal particle.

1.1.8. Importance of the Interface

The distinguishing characteristic of all colloidal dispersions is the large surface area t
volume ratio of the particles. That is, a significant fraction of the molecules lie at the
surface. A surface exists at the interface between phases or states of matter.

At the interface, adsorption and double layer effects are very significant and play a very
important part in determining the physical properties of the system as a whole.6 It is the
material at the surface that contributes to particle-particle and particle-dispersion
medium interactions.

5

1.2. CONDUCTING POLYMERS

Conventional organic polymers have been extensively used in industry due to their
insulating properties and ready processability. However, in the past 25 years a new class
of organic polymers has attracted considerable interest due to their capacity to conduct
electricity and hence act as metal replacements. The electrical conductivity of
conducting polymers is dependent on the polymer being in a state of relative oxidation
and reduction. The polymer must be able to undergo a doping process, i.e. the polymer
loses or gains an electron which results in a change in the electronic structure, hence
allowing it to conduct electricity. This discovery that organic polymers can attain
conductivities approaching metals led to the development of the new interdisciplinary
field of conducting polymers.

The seminal breakthrough in conducting polymers was the accidental discovery by

Shirakawa et al.7 that partial oxidation of polyacetylene with iodine resulted in a drasti
increase in conductivity, with a high conductivity of IO5 S cm1 being obtained. This
discovery led to intense research interest in other more stable conducting polymers such
as polypyrrole and polyaniline. Diaz et al.8 reported the first electrochemical synthesis
polypyrrole films in 1979, which exhibited a lower conductivity than polyacetylene.
Later in the year they published the electrosynthesis of polyaniline.9 The first
preparation of colloidal conducting polymers was reported by Edwards et al. , who
produced polyacetylene dispersions in 1983. This colloidal polymerisation method
might be very useful in overcoming the synthesis problems with conducting polymers
associated with their intractability and insolubility in common solvents. Colloidal

6

dispersions also allow for post-synthesis manipulation; for example, films and
composites might be prepared from conducting polymer dispersions.

1.3. POLYPYRROLE

Polypyrrole, prepared via the chemical or electrochemical oxidation of pyrrole, is more
thermally and environmentally stable than both polyacetylene and polyaniline. Films of
polypyrrole can be readily deposited by the electrochemical route on electrode surfaces
such as platinum, reticulated vitreous carbon (RVC) and indium-tin-oxide (ITO) coated
glass. '

The mechanism of pyrrole polymerisation is believed (Scheme 1.1) to involve the initial
slow, rate-determining oxidation of the monomer to yield a radical cation12, Step 1.
These radical cations (whose canonical forms are shown in Scheme 1.1) will then
couple rapidly to yield a dimeric dication (Step 3), provided there are no other

nucleophiles in the polymerisation solution capable of reacting with the radical cations
The dimeric dications then undergo rapid deprotonation to give the neutral pyrrole
dimer (Step 3). These dimers in turn would then oxidise, at a lower potential than the
monomer oxidation, to form a dimeric radical cation (Step 4), and the polymer chain
continues to grow until it reaches a point where it is no longer soluble and eventually
precipitates onto the electrode surface. The polymer then continues to grow onto the
electrode surface.

7

1. Monomer oxidation

o -&* #
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3. Radical • radical coupling
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5. Counterion (A') Incorporation

S c h e m e 1.1. T h e mechanism for polypyrrole polymerisation, taken from reference 11.

However, in colloidal polypyrrole preparation this deposition on the electrode surface is
disadvantageous. Hence, steric stabilisers such as the commercially available
poly(vinylalcohol) and poly(ethyleneoxide) are introduced into the polymerisation
solution to hinder polymer deposition on the electrode surface. A hydrodynamic force is

also utilised, by using a rotating electrode or by flowing the polymerisation solution, t
remove the polymer away from the electrode surface before deposition can occur.
8

Electrochemical polymerisation allows for a wide range of anions, including unusual
dopants such as proteins, DNA and antibodies, to be incorporated into the polymer

backbone chain (Step 5, Scheme 1.1), whilst retaining the intrinsic biological propertie
of these dopants. In the fully doped form of polypyrrole, an anion (A-) is typically
incorporated at approximately every third or fourth pyrrole ring along the polymer chain
(Figure 1.1).

H

+ A-

H

-MHWH

H

n

Figure 1.1. Incorporation of the dopant anion (A~) into the polypyrrole chain.

However, the chemical polymerisation route is more suitable than the electrochemical
approach for producing large quantities of the colloidal polypyrrole. Polymerisation is
carried out in a batch process in the presence of the appropriate oxidant, usually
persulfate (S2O8 2_) or ferric chloride. The polymerisation solution is stirred for a
designated period of time and at the end of polymerisation the insoluble polypyrrole
precipitate is centrifuged off. In the absence of any other added anions the doped
polypyrrole has incorporated along its chain anions derived from the chemical oxidant
employed (eg. SO42" from S2082_; CI" from FeCl3).

The restrictions of the chemical polymerisation route are the limited range of dopants
that can be incorporated into the polymer (Step 5, Scheme 1.1) and the limited control
over the oxidation potential.

1.4. POLYANILINE

Polyaniline (PAn) is a linear chain polymer consisting of N H groups repeatedly

surrounded on either side by phenylene rings. Polyaniline is unique among conducting

polymers due to its capability to exist in a variety of forms which differ in the de

oxidation (leucoemeraldine, emeraldine and pernigraniline states) or protonation, or

both13 as shown in Scheme 1.2. The protonated emeraldine salt, a direct polymerisatio

product of aniline in the presence of acids, is the most important form due to its h

electrical conductivity.14 All other forms of polyaniline are essentially insulators.
protonation
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Scheme 1.2. Redox reactions and protonations of the various forms of polyaniline,
taken from ref. 11 (where C" = conjugate base of the added acid).
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Polyaniline in its emeraldine oxidation state can be prepared by either chemical or
electrochemical polymerisation in aqueous media.15 The synthesis must be carried out in
acidic conditions since the monomer, aniline, is only soluble at acidic pHs, and a pH
less than 3 is required for the formation of conducting polyaniline.16

1 -7

The mechanism of polyaniline formation is believed

to involve a first initiation step

where the radical cation of aniline is formed (Scheme 1.3, Step A). The radical cation

exists in various resonance forms, with the radical on the N or in the para position bein
the most reactive and hence these would most likely undergo the next coupling reaction,
Step B. The radical at the ortho position is less likely to react due to electrostatic
repulsion of the positively charged amine groups. Subsequent to coupling,
rearomatisation occurs rapidly to yield the neutral aniline dimer. The following two
steps, chain propagation and doping, occur simultaneously (Steps C and D). Chain
propagation requires the oxidation of the oligomer to form a radical cation. These
oxidised oligomers then couple increasing the polymer chain length. Doping of the
polymer with the conjugate base (C~) of the acid present occurs along with chain growth
to give the final emeraldine salt form.
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Scheme 1.3. Polymerisation mechanism for polyaniline, taken from reference 11.
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1.5. CONDUCTING POLYMER COLLOIDS

Applications of conducting polymers have been documented for s o m e time.

However,

the intrinsic properties of conducting polymers, such as their insolubility and
intractability in most common solvents, somewhat limit their potential applications.
Therefore, the challenge has been to find processing routes suitable for the production of
conducting polymers in quantities and with properties suitable for industrial
applications.

One method is solution processing in either organic or aqueous media, which is
achieved by the substitution of the monomer with a functional group such as an
alkyl/phenyl,19"21 or carboxyl/sulfonate group.22"26 The resultant improvement in

solubility, however, generally results in significant loss in electrical conductivity of t
final polymer with respect to a polymer produced with an unsubstituted monomer. Also
the monomer substitution is an additional synthetic step which is usually costly and
tedious.

In some specific cases, such as polyaniline, solubility can also be enhanced by the use of
some specialised dopant anions such as camphorsulfonate, which can impart organic
solvent solubility.27 A particularly attractive alternate route to solution processing is
formation of aqueous colloidal dispersions, as this also allows for post-synthesis
handling while retaining reasonable conductivity. These colloidal dispersions may be
regarded as "solution processable", even though the polymer is not soluble. The
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colloidal particles m a y be used directly in various industrial applications without further
processing.

1.5.1. Chemical Polymerisation
Chemical polymerisation of pyrrole and aniline monomers can be readily achieved in
aqueous media in the presence of an appropriate oxidant, eg. FeCb, (NH4)2S20g or
KIO3. The resulting polymer is insoluble in the solvent so a powdery precipitate forms.28
The presence of a stabiliser, eg. commercial steric stabilisers, is mandatory for the
formation of stable colloidal dispersions.

Armes et al. have carried out extensive studies on the use of chemical polymerisation to
produce stable polypyrrole and polyaniline colloidal dispersions. They reported29 the
optimum conditions for the preparation of stable colloidal conducting polymers depend
on several factors:
(i) oxidant/stabiliser concentration,
(ii) interaction of the stabiliser molecules and the particle surface, and
(iii) molecular weight of the stabiliser - to provide sufficient coverage of the particle.

1.5.1.1. Stabilisation Mechanisms
The most commonly used stabilisation mechanism is to employ polymeric stabilisers,
such as the commercial polymers poly(vinylalcohol) and poly(ethyleneoxide), which
adsorb onto the conducting polymer particles.33 Aggregation of the colloidal polymeric
particles is then prevented by steric repulsions. Another form of stabilisation is to

provide a substrate, such as metal oxide dispersions51"53 and fine silica particles,54"62 for
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the polymer to deposit on. This core/shell morphology used for conducting polymer
colloidal production has also been employed using polyurethane particles, which have
excellent film forming properties.

1.5.1.2. Steric Stabilisers
Steric stabilisers are usually graft copolymers formed by grafting at least two
homopolymers. One component is soluble in the dispersion medium, while the other is
nominally insoluble. The soluble chains extend away from the particle surface and are

responsible for the colloid stability, as illustrated in Figure 1.2. It was postulated th
hydrophobic component of the steric stabiliser interacts with the conducting polymer
surface by a H-bonding mechanism.30

Outer layer of
physically adsorbed
polymeric stabiliser

y^

Continuous
Phase

Figure 1.2. Schematic of a sterically stabilised conducting polymer particle, taken from
reference 31.
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(a) Polypyrrole Dispersions
Colloidal polypyrrole can be readily prepared in aqueous media by chemical

polymerisation in the presence of polymeric stabilisers. A wide range of steric stabilisers
have been employed to induce stability, as illustrated in Table 1.2. Colloidal polypyrrole
prepared in the absence of a stabiliser resulted in large particles (500-600 nm diameter),
which were stable in 25 % aqueous ethanol.38 The commercial polymers,
poly(vinylalcohol)31, poly(vinylpyrrolidone)33 and poly(ethyleneoxide)33, are the most
commonly employed stabilisers. However, anionic stabilisers such as sodium
dodecylbenezesulfonate39 and tailor-made stabilisers35"36 have also been utilised to
stabilise the forming polymer particles. The use of tailor-made stabilisers resulted in
high electrical conductivities of up to 5 S cm-1 for the dried colloidal particles,35"36
which is comparable to bulk polypyrrole.

The monomer/stabiliser ratio in the synthesis solution must be optimised to produce
stable dispersions whilst retaining the electrical conductivity of the polymer. Too high a
stabiliser concentration decreased the electrical activity obtained.30

All the stabilisers employed, except for sodium dodecylbenezesulfonate, produced
uniform spherical particles. The particle size and morphology were dependent on the
steric stabiliser used for colloidal synthesis.33 A high initial stabiliser concentration

resulted in a large particle diameter,34 while other studies revealed that the particle size
decreased at higher stabiliser concentrations.37
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Tables 1.2 and 1.3 below summarise the various steric stabilisers employed to date to
produce

colloidal polypyrroles

and polyanilines via the chemical oxidative

polymerisation route.

Table 1.2. Polypyrrole colloids prepared by chemical polymerisation with various
oxidants and stabilisers.
Oxidant

Stabiliser

Particle

Comments

Ref

• Conductivity decreased at

30

size
FeCl 3

Poly(vinylacetate)

spherical
100-200

nm

higher stabiliser concentration.
• The monomer/ stabiliser ratio
must be optimised: too low a
concentration of stabiliser
leads to instability, while too
high decreases electrical
conductivity.

poly(vinylalcohol)

50-250

(PVA)

nm

poly(vinylalcohol),

100-300

poly(ethyleneoxide),

nm

polyvinyl-

32

• Particle size and morphology

33

can be controlled by choice of
steric stabiliser.

pyrrolidone)
poly(2-

120-220

vinylpyridine-co-

nm

butyl-methacrylate)

• Particle diameter increases

34

with higher initial stabiliser
concentration.

(P2VP-BM)
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Table 1.2. Continued.
Oxidant

Stabiliser

Particle

Comments

Ref

• Tailor-made stabiliser.

35

size
FeCl3

poly(2-(dimethy-

spherical

lamino)ethylmetha- ~ 100 nm • High conductivity of 4 S cm-1,
crylate-stat-3-

which is comparable to bulk

vinylthiophene)

polypyrrole.

poly{N,If-di-

spherical

• Tailor-made stabiliser.

methylaminoethyl-

50-70

• Slightly flocculated.

methacrylate-b-n-

nm

• High conductivity 1-5 S cm-1.

PVA,

spherical

• PVA-P produces smaller

PVA-P (P-pendent

130-400

particles compared to P V A with

pyrrole groups)

nm

narrow particle size

36

butyl-methacrylate)
(poly(DMAEMAb-BuMA))

37

distribution.
• Particle size decreases at higher
stabiliser concentration.
(NH4)2S208

No stabiliser

spherical
500-600

• Readily dispersed in 25 %

38

aqueous ethanol.

nm

SDBS

non-

• Anionic stabiliser.

uniform,

• Stability dependent on colloid

nonspherical

39

concentration.
• Flocculation occurs upon
dilution.
• Conductivity 0.01 S cm-1.
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(b) Polyaniline Dispersions
Chemical oxidation of aniline in the presence of a steric stabiliser has also resulted in
the formation of stable polyaniline dispersions. A wide range of steric stabilisers, as
outlined in Table 1.3, have been successfully utilised for colloidal polyaniline chemical
synthesis, such as poly(vinylmethylether)42 and poly(vinylalcohol)45"48, and tailor-made
stabilisers such as poly(2-vinylpyridine-co-/?-aminostyrene)41 and poly(vinylalcohol-covinylacetate).42

The colloidal dispersions exhibited excellent air stability39 and relatively high electrical
conductivities were obtained for the dried colloidal polyaniline depending on the
synthesis conditions and stabiliser employed.42"43'50

The particulate polyaniline exhibited rice-grain morphology for most of the stabilisers
used in the oxidative polymerisation.40"43 This was attributed to the association of two
precursor spherical particles.43 Spherical, uniform particles with a diameter of 150-200
nm were first obtained using poly(vinylalcohol-co-acetate) as a steric stabiliser.44 The
use of poly(vinylalcohol) for polyaniline chemical polymerisation also produced
uniform spherical particles.45"48

The particle size was found to be independent of the aniline monomer concentration,
while the uniformity was enhanced at higher aniline concentrations.49 The amount of
particles produced and their properties (size and uniformity) were dependent on the
quantity of polyaniline produced.46 However, the properties of the colloidal polyaniline
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were mainly dependent on the nature of the oxidising agent and the monomer/oxidant
ratio.46

Table 1.3 below summarises the studies to date employing steric stabilisers to produ
polyaniline colloids.

Table 1.3. Polyaniline colloids prepared by chemical polymerisation with various
oxidants and stabilisers.
Oxidant

Stabiliser

Particle size

KIO3

poly(2-vinylpyridine-

150-200 n m ; • Excellent air stability.

co-p-aminostyrene)

rice-grain

Comments

Ref
40

• D o not form coherent
films.
• Conductivity 1-2 S cm -1 ,
which is comparable to
bulk PAn.

poly(2-vinyl-pyridine-

120 n m

• Tailor-made stabiliser.

co-p-aminostyrene)

length;

• Reversible flocculation

P2VP-co-

rice grain

aminostyrene

41

/stability by the addition of
base/acid to deprotonate
/protonate the outer layer
of the stabiliser.

poly(vinylalcohol-co-

150±50nm

• Tailor-made stabiliser.

vinylacetate)

length,

• High conductivity.

42

60 nm
width; ricegrain
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Table 1.3. Continued.
Oxidant

Stabiliser

Particle size

Comments

Ref

KIO3

poly(vinyl-

rice-grain;

• Rice grain morphology due to

43

methylether)

length 195-

the association of two precursor

PVME

220

spherical particles.
• Higher stabiliser concentration
yields smaller particles.
• Conductivity 0.002 to 3.7

S cm-1.
(NH4) 2 S 2 0 8

poly(vinyl-

uniform

alcohol-co-

spherical;

acetate)

150-200 n m

poly(vinyl-

uniform

alcohol)

spherical;

occurs by charge hopping

200 n m

or tunneling.

poly(vinylalcohol)

• First synthesis of spherical

44

polyaniline particles.

• Electrical conductivity

• A ratio of greater than 1:1

45

46

by mass of monomer
/stabiliser is required to
ensure stable dispersions.
• Number of particles, their
size and uniformity depend
on the quantity of
polyaniline produced.
• Properties of dispersions
are mostly dependent on
the oxidising agent and the
monomer/oxidant ratio.
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Table 1.3. Continued.
Oxidant

Stabiliser

(NH4) 2 S 2 0 8

poly(vinyl-

Particle size C o m m e n t s
• Temperature dependence of

alcohol)

Ref
4 7

!

conductivity depends on
the composition and
morphology of the polymer
particles.

poly( vinyl-

• Reaction accelerated by

alcohol)

48

introduction of seed P A n
particles.
• Colloidal properties are not
affected by seeding.

poly(vinyl-

spherical

alcohol-co-

particles;

acetate)

75-100 n m

• Particle size does not depend on

49

aniline concentration.
• Uniformity of particles is
improved at higher aniline
concentrations.

KIO3

poly(l-

rice-grain;

vinylimidazole

polydisperse

-co-4-

• Relatively high conductivity,

50

lxlO""2 S cm"1.
• Fibrillar morphology.

aminostyrene)
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1.5.1.3. Metal-oxide Dispersions
An alternative procedure for stabilisation is to physically adsorb the conducting polymer
on the outside of a colloidal dispersant such as metal-oxide dispersions. For example,
Figure 1.3 illustrates the formation of a polypyrrole-inorganic oxide nanocomposite. The
metal-oxide particles are coated by an overlayer of conducting polymer; these then
aggregate forming a nanocomposite of individual particles fused together by the
conducting polymer.

(D

oo

0 0° OQ

o

(2) (NH 4 ).S a O,

o" o o o

or FeCI3

2 o o°o o
°o
o
o°

magnetic stirring
25 °C. 16h

o ° °

Dispersed colloidal inorganic Polypyrrole-inorganic oxide
oxide panicles in water.
nanocomposite colloids
Figure 1.3. Formation of polypyrrole-inorganic oxide nanocomposite colloids, taken
from reference 51.

Armes et al.51 investigated a range of inorganic oxide dispersions for their potential to
act as efficient dispersants for polypyrrole, including tin(IV) oxide, zirconia,
antimony(V) oxide, yttria and titanium(IV) oxide. Tin(IV) oxide was the only effective
stabiliser that resulted in the formation of stable colloidal polypyrrole. Tin oxide is
therefore in the same class as silica, which can act as a stabiliser for polypyrrole and

polyaniline (described in more detail in section 1.5.2.3). Tin and silicon are in the same
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group in the Periodic Table and similarities in their surface chemistry might give an
indication to their effectiveness as particulate dispersants.

It was also reported that when using tin oxide as the dispersant, only FeCl3 could be
used as an oxidant; (NH.)2S208 resulted in precipitation with little or no colloid
formation. This was explained as an outcome of the faster kinetics with (Nt_4)2S208.51

The electrical conductivities of these dried polypyrrole-tin oxide nanocomposites are
extremely high, with a maximum of 23 S cm-1 being reported. The conducting polymer
content of these nanocomposites and their particle size are influenced by the initial
tin(IV) oxide concentration. The inorganic oxide is the major component of the
nanocomposite, which is consistent with their long-term stability.52

Other researchers have reported the polymerisation of pyrrole in the presence of
ultrafine inorganic oxide dispersions capable of performing the pyrrole oxidation
themselves, without the need for another oxidant to initiate the oxidative
polymerisation.53 Dispersions of hematite, silica doped with hematite, magnetite and
cerium, all with reactive oxidation sites on their surfaces, have been employed for
polypyrrole colloidal polymerisation. The resultant polypyrrole-inorganic oxide
dispersions exhibited high conductivity, while the thickness of the polypyrrole coating
could be controlled by selecting specific reaction conditions.
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1.5.1.4. Fine Colloidal Silica
Dispersions of fine colloidal silica such as Ludox HS-40 have been utilised successfully
for colloidal polypyrrole and polyaniline synthesis.54"62 The polymerisation mechanism
is believed to be similar to that using tin(IV) oxide as a dispersant described in the
previous section. For example, Figure 1.4 outlines the formation of polyaniline-silica
nanocomposites with a relatively large particle diameter of 300 nm.

0
Q

° O

Q

0

(NH4) 2 S 2 0 8
> •

O On ———
O O ° O O O
O

0

Aniline
O

O

300 nm

20 n m silica particles
Polyaniline-silica nanocomposites
J
*
dispersed in 1.2 M HC1
Figure 1.4. Formation of polyaniline-silica nanocomposite, taken from reference 31.
The use of silica as a particulate dispersant for colloidal polyaniline wasfirstreported in
1992 by Armes et al.54 Subsequently, related studies have followed on the chemical
polymerisation of other monomers such as pyrrole57 and extensive characterisation has
been carried out on these conducting polymer nanocomposites.

The morphology of these nanocomposites appeared to be approximately spherical.
However, a closer examination of the transmission electron micrographs confirmed a
raspberry morphology.54 The raspberry morphology is a consequence of
microaggregates of silica particles fused together by the conducting polymer
component.55
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X-ray photoelectron spectroscopy confirmed that the surface of the polypyrrole-silica
and polyaniline-silica nanocomposites were silica rich. This finding explains their long
term stability which is due to the charge stabilisation provided by the silica. However,
X-ray photoelectron spectroscopy also showed that the conducting polymer component

was still present at the surface of the nanocomposites. Hence, their solid state electrical
conductivity is relatively high.57

Small angle X-ray scattering results determined the average silica-silica separation
within the nanocomposites to be 4 nm.55 This indicates that the polymer deposits onto
the silica particles as a monolayer. It also confirms that the conducting polymer-silica
nanocomposites are true nanocomposites in which both the conducting polymer and
silica are in the nano-dimensions.

Armes et al. also investigated59 the adsorption of monomer and oxidant onto the silica
particles prior to polymerisation. It was found that either the monomer or the oxidant
adsorbs onto the surface of silica particles. Therefore, surface polymerisation may be of
importance in the mechanism of formation of polypyrrole or polyaniline-silica
nanocomposites.

Table 1.4 below summarises the various conditions that have been used for polypyrrole
and polyaniline silica-stabilised dispersions. The experimental conditions for controlling
particle size and conducting polymer content are also outlined in the Table.
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Table 1.4. Polypyrrole and polyaniline silica-stabilised colloids.
Monomer

Particle size

Comments

Ref

aniline

spherical,

• Polyaniline content 10 % (w/w).

54

200-500 n m

• Evidence that nanocomposites consist of
original silica particles glued together by the
conducting polymer component.

aniline

raspberry,

• Surface of nanocomposites is silica rich.

300-600 n m

• G o o d long-term stability.

55

• Conductivity 10 _ 1 S cm - 1 .
• T h e electrical properties are similar to
sterically-stabilised polyaniline dispersions.
• Size and uniformity weakly dependent on
silica concentration.
aniline

• Average silica-silica separation within the

56

nanocomposite is 4 n m , indicating that
polyaniline deposits as a monolayer.
• Microaggregates of silica particles glued
together by polyaniline result in raspberry
morphology.
pyrrole

raspberry

• Highly acidic media result in poor quality

57

polypyrrole with low conductivity.
• Conductivity at least an order of magnitude
lower than bulk polypyrrole powders.
pyrrole,
aniline

• X-ray photoelectron spectroscopy ( X P S )
confirmed that the surface of the
nanocomposites is silica-rich, which explains
their long term stability.
• X P S also confirmed that the conducting
polymer component is still present at the
surface, which is responsible for the
relatively high conductivities obtained.
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Table 1.4. Continued.

Monomer

Particle size

Comments

Ref

pyrrole

raspberry,

• The initial silica and oxidant concentrations

59

110-320 n m

affect the polypyrrole content and the particle
size of the nanocomposites.
• Either the m o n o m e r or the oxidant are
adsorbed onto the surface of the silica prior
to polymerisation.

pyrrole

raspberry,

• Stringy silica particles.

80-220 n m

• Polypyrrole content and particle size of the

60

nanocomposites decrease with increasing
initial stringy silica concentration.
pyrrole

• Carboxylic acid functionalised polypyrrole-

61

silica nanocomposites.
• X P S confirmed carboxylic acid on the
surface of the nanocomposites.
• Very high optical absorbance, therefore have
potential as "marker" particles in
immunodiagnostic strip assays.
pyrrole

• Carboxylic acid functionalised polypyrrolesilica nanocomposites.
• T h e order of addition is important for
successful colloid growth.
• Higher levels of D N A can be adsorbed on
the carboxylated silica nanocomposites.
Hence, ideal for immunodiagnostics.
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1.5.1.5. Core-shell M o r p h o l o g y
In the past five years a new mechanism for colloid stabilisation has emerged employing
a core-shell morphology. Sterically-stabilised latex particles, such as
poly(ethyleneoxide)-stabilised polyurethane or poly(/V-vinylpyrrolidone)-stabilised

polystyrene particles, have been utilised as substrates for the conducting polymer to coa
in a thin overlayer, as illustrated in Figure 1.5 for a polypyrrole-polystyrene colloid.

1-20 n m
°J
polypyrrole overlayer
poly(/V-vinylpyrrolidone)
stabilizer layer

Figure 1.5. A polypyrrole coated polystyrene latex particle, taken from reference 63.

This stabilisation method is very efficient since the surface of the particle is the thin
overlayer of conducting polymer, while the bulk of the particle is the polystyrene or
polyurethane core. The colloidal dispersions combine the surface properties of the
conducting polymer with the film forming properties of these low Tg latexes.

The first synthesis of a colloidal conducting polymer with a core-shell morphology was
reported by Gamier et al.64 for polypyrrole coated on sulfonated and carboxylated
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polystyrene latex particles. D S M in The Netherlands also reported stable dispersions of
polyaniline on poly(ethyleneoxide)-stabilised polyurethane particles.65 They found that

a steric stabiliser chemically grafted on the surface of the polyurethane or polystyrene
latex particles is mandatory for the synthesis of stable colloidal dispersions.

Armes et al. used this approach to prepare stable dispersions of polypyrrole63 or

polyaniline66 coated on polystyrene particles stabilised with (/^-polyvinylpyrrolidone).
The polymer loading can be controlled by changing the concentration of the stericallystabilised polystyrene particles. Raman spectroscopy confirmed a core-shell
morphology; vibrational bands due to polypyrrole only were observed even for a very

thin coating of 2 nm. XPS studies indicated a relatively uniform overlayer of conducting
polymer. SEM micrographs of polyaniline-polystyrene colloids showed a broken-egg
morphology when the polystyrene was removed by solvent-extraction,66 providing
further evidence for a core-shell morphology.

1.5.2. Electrochemical Polymerisation
The chemical oxidative route for processing colloidal conducting polymers, as described

in detail in section 1.5.1, provides an efficient method for synthesising these otherwis

intractable materials. However, the major limitation of chemical polymerisation is that

requires an oxidant to initiate polymerisation. The reduced form of the oxidant produced
has the potential to act as a dopant. This results in a mixed dopant system where the
polymer is co-doped with the added dopant anion and the reduced form of the oxidant.
Another drawback of chemical synthesis is the limited control over the polymerisation
potential and the range of dopants that can be incorporated into the polymer chain.
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In contrast to chemical polymerisation, electrosynthesis allows for a variety of dopants,
such as proteins,67 to be incorporated into conducting polymers whilst retaining the
intrinsic properties of the dopant. The potential for the polymerisation is chosen so as
avoid over-oxidation of the polymer and not affect the delicate nature of the dopant.

Polymerisation takes place in solution at the electrode surface.68 The polymer grows in
solution until it becomes insoluble and precipitates at the electrode surface. The
presence of a stabiliser hinders such polymer deposition. A hydrodynamic force, such as

a rotating electrode or a flow-through electrochemical cell, can further aid in minimisin
deposition.

Preliminary work carried out in our laboratories employed a rotating disk electrode to
study the electropolymerisation of pyrrole under hydrodynamic conditions.69 The effect

of additives, such as steric stabilisers, was also investigated. The potential required t
initiate polymer deposition was found to be dependent on the rotation rate of the
electrode and on the additives present.

The ability to prepare conducting polymer dispersions electrochemically has been
recently demonstrated for the first time in our laboratories. Polypyrrole colloids were
electrosynthesised in a flow-through electrochemical cell in the presence of various

steric stabilisers. Polypyrroles incorporating a range of dopant anions were successfully
prepared. Colloidal polyaniline was also prepared using this electrochemical
procedure.67 Both the polypyrrole and polyaniline colloids were electroactive and could

be electrodeposited at cathodic potentials on surfaces such as stainless steel. Conductiv
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electroactive paint was successfully prepared from a mixture of polypyrrole and acrylic
latex.71 This paint can be directly applied to surfaces with the combined properties of
the electroactive conductive polymers and the simplicity of paint technology.

A new cell was constructed for colloidal electrosynthesis utilising a large surface area
porous electrode, and the effect of electrochemical and hydrodynamic conditions on
the amount and quality of colloid investigated. It was established that the amount of

colloid produced increased with higher current densities and with higher flow rates. The
latter observation may be due to the increased number of passes of the polymerisation

solution through the cell; also a faster flow rate might be more efficient at preventing
polymer deposition at the electrode surface.

1.6. CHIRALITY

Objects that have non-superimposable mirror images are said to be chiral. The two
mirror image forms of a chiral molecule are called enantiomers. The two enantiomers
have identical chemical and physical properties but differ in their behaviour towards
polarised light. The two enantiomers are termed optical isomers, as they rotate planepolarised light in opposite directions.

Many important biochemicals are chiral and exist in nature in only one enantiomeric
form. Consequently, when a chiral compound such as a drug, interacts with a receptor

site in the body, the two enantiomers would interact differently and may lead to differe
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biological effects. Consequently, millions of dollars are spent annually on the
asymmetric synthesis of drugs in the one desired enantiomeric form only.

1.6.1. Chiral Conducting Polymers
Chiral conducting polymers have potential as chiral electrodes for asymmetric
electrosynthesis, such as in the pharmaceutical industry, where a drug is prepared in
appropriate enantiomeric form. Chiral conducting polymers may also be utilised as
sensors for the detection of biological molecules. Another potential application is as

voltage-sensitive chiral stationary phases for the chromatographic separation of racem
compounds.

Chirality in conducting polymers has been induced either by the presence of a chiral

substituent in the monomer or via the incorporation of a chiral dopant along the polyme
chain. A less attractive approach for the induction of optical activity in the polymer

chain could be achieved by employing a chiral solvent. This approach is less favourable
because of the lability and non-stoichiometric nature of conducting polymers.73

1.6.1.1. Chiral Polypyrroles

In 1985 Elsenbaumer et al.73 reported the first synthesis of a chiral polypyrrole via t
electropolymerisation of a pyrrole monomer substituted with a chiral group on the Natom of the pyrrole ring. The resultant chiral polypyrrole polymer exhibited low

conductivity, presumably due to the twisting of the polymer chain from planarity by the
bulky substituent. Salmon et al.74 similarly electrodeposited camphor-sulfonate Nsubstituted pyrrole onto platinum and indium-tin-oxide coated glass electrodes. Their
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circular dichroism spectra exhibited no optical activity; the chiral substituent hence did
not induce one-handed main chain chirality. Gamier et al.75 subsequently prepared a

pyrrole substituted with a chiral amino acid group at the 3-position of the pyrrole rin
The resulting polypyrrole polymer was indeed chiral with a well defined circular
dichroism (CD) spectrum. The CD signal obtained was associated with the absorption
band at 465 nm for the doped polypyrrole, whereas the chiral pyrrole monomer only has
CD signals in the UV region. The observed optical activity was thought to be due to a
one-handed helical arrangement of the polypyrrole chain.

Kato et al. used the alternative approach of incorporating a chiral dopant to

electrochemically deposit free standing polypyrrole films. A chiral polyamide containin

a sulfonic acid group was utilised as the dopant. The resultant film exhibited a relati
high conductivity of 0.5 S cm-1. However, no optical activity due to the polymer chain

was observed, hence the chiral dopant did not induce chirality in the polypyrrole chain
More recently, Zhou et al.77 incorporated chiral 15-(+)-10-camphorsulfonate and Llactate anions into polypyrrole during electropolymerisation. Although they concluded
that these polypyrrole salts were optically active, the CD spectra reported were only
recorded over the very short region 600 to 750 nm, and only very weak signals were
observed which bore no direct relationship to the corresponding absorption spectra.

1.6.1.2. Chiral Poly anilines
78

Thefirstelectrosynthesis of a chiral polyaniline was carried out in our laboratories
using the incorporation of a chiral dopant acid approach. The chiral dopants employed
were either lS-(+)-10-camphorsulfonic acid or !_.-(-)-10-camphorsulfonic acid (HCSA).
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The polyaniline were electrodeposited as green emeraldine salt films onto indium-tinoxide coated glass electrode from an aqueous solution. The films exhibited strong
circular dichroism spectra associated with the 410 nm absorption band typical of
emeraldine salt. The CD spectrum of the polyaniline film incorporating l_>-(+)- 10camphorsulfonic acid was mirror-imaged to the CD spectrum of the emeraldine salt
similarly doped with lR-{-)- 10-camphorsulfonic acid. This suggests that the

electropolymerisation is highly enantioselective. The induction of optical activity was
attributed to the adoption of a helical arrangement by the polyaniline chain.

Havinga et al.79 subsequently reported optically active polyaniline via the alternative
acid doping of emeraldine base by the chiral lS-{+)- 10-camphorsulfonic acid dopant.
Films were prepared by spin coating from a m-cresol solution. They also suggested that

chirality is due to the rearrangement of the polyaniline chain into a helical structure,
possibly by secondary hydrogen bonding between the (+)-HCSA and the polyaniline
chain.

A similar chemical doping method for chiral emeraldine salt synthesis was published by

Majidi et al.80 in which the chiral emeraldine salts could be readily prepared in a varie
of organic solvents. Emeraldine base, the neutral form of polyaniline, was reacted with
either lS-{+)- 10-camphorsulfonic acid or lR-{-)- 10-camphorsulfonic acid. Films cast
from solution onto glass plates again showed strong CD spectra, suggesting a onehanded helical structure for the polyaniline chains. The PAn.(+)-HCSA and PAn.(-)HCSA films exhibited mirror-imaged CD spectra, again indicating that the acid doping
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was enantioselective. Subsequently, Majidi et al.81 used the same procedure to prepare
the optically active ring-substituted polyaniline, poly(_>-toluidine).

The doping method described above was subsequently used to investigate other chiral
dopant anions with suitable geometry and functionality.82 These included (lS)-(+)-3-

bromocamphor-10-sulfonic acid, acrylamidesulfonic acid, (+)-tartaric acid, (-)-tartari
acid and 0,0'-dibenzoyl-D-tartaric acid. All the above mentioned dopants were
successful in generating chiral emeraldine salts. The common feature these dopants
possess is that they are bidentate, allowing the attachment of the dopant to the
polyaniline chain at two places simultaneously.

In summary, chiral polyaniline salts can be readily prepared chemically or
electrochemically in the presence of a suitable chiral dopant acid. The induction of
chirality is enantioselective with enantiomeric dopants giving emeraldine salts with
mirror-imaged CD spectra.

1.6.2. Chiral Conducting Polymer Colloids
The synthesis of chiral conducting polymer colloidal dispersions is an attractive
approach to prepare these otherwise intractable materials. Chiral conducting polymer
particles may be coated on other solid spheres to be used as the stationary phase in
HPLC columns for the separation of racemic compounds. Alternatively, they can be cast
on membranes for chiral separations.
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The electrosynthesis of chiral polyaniline colloids incorporating (+)- or (-)-10camphorsulfonic acid has been recently successfully carried out in a hydrodynamic
electrochemical cell using poly(ethyleneoxide) as a steric stabiliser.83 The formation of
emeraldine salt was confirmed by uv-visible spectra which exhibited absorption band

typical of emeraldine salt. The colloidal emeraldine salts incorporating either (+)- or (
camphorsulfonic acid exhibited strong mirror-imaged CD spectra, suggesting
enantioselectivity during colloidal salt formation. Optically active polyaniline salts
incorporating either (+)- or (-)-camphorsulfonic acid were also prepared using
poly(styrenesulfonate) as a steric stabiliser.84

1.7. AIMS OF THE PROJECT

1. The conjugated nature of conducting polymers, which is responsible for their
electrical conductivity, makes them insoluble and infusible in most common solvents.
The first major objective of this project was to solve this processing problem associated
with conducting polymers. The electrosynthesis of stable colloidal dispersions, with
controlled properties, was the approach taken to make these otherwise intractable
polymers "solution" processable. Two classes of conducting polymers were targeted,
namely polypyrroles and polyanilines.

A secondary goal within this objective was to optimise the electrosynthesis conditions to
achieve the maximum yield of conducting polymer colloids. To this end, three flowthrough electrochemical cells of different designs were employed and other parameters
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such as the stabiliser and m o n o m e r concentrations, and the electrochemical and
hydrodynamic conditions were systematically varied.

A parallel goal was to produce polypyrrole and polyaniline colloids with optimal

physical properties such as stability, particle size and morphology, as well as electric
conductivity.

2. The second major aim of this project was to prepare colloidal polypyrroles
containing biological dopants such as proteins whilst retaining the biological function
the dopant.

3. A related major goal of the project was the electrosynthesis of novel optically active

polyaniline colloidal dispersions via the incorporation of the chiral dopants (+)- or (10-camphorsulfonic acid (HCSA) during the synthesis. In order to maximise the degree

of optical activity in the resultant colloids, a range of stabilisers was examined, namely
poly(styrenesulfonate), colloidal silica and colloidal poly(ethyleneoxide)-stabilised

polyurethane. A further interest was to compare the chiroptical properties of these chira
colloidal polyanilines with optically active polyanilines prepared previously by other
more conventional routes (electrochemical deposition as films or via the chemical
doping of emeraldine base).

4. A final goal of this thesis was to explore the possibility of preparing chiral
polypyrroles by incorporating chiral dopant anions such as (+)- or (-)-CSA-, and (+)and (-)-tartrate into the polymer chains.
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CHAPTER 2
Electrochemical Synthesis of PolypyrroleNitrate Colloids

2.1. INTRODUCTION

The electrical properties of conducting polymers make them attractive for a number of

industrial applications. However, the main hindrance to their ultimate implementation is
the difficulty in processing, since these materials are infusible and insoluble in most
common solvents. Extensive research has been undertaken to find processing methods
to overcome the above problems. Dispersion polymerisation to produce colloids is a
1-4

potential method

with the advantage of providing more efficient post-synthesis

manipulation.

Chemical oxidation is the most common method for conducting polymer colloid
synthesis. Since 1987 Armes and co-workers5"15 have carried out extensive work on the
various stabilisers that can aid such colloid formation. The most commonly used
stabilisers are the commercially available polymers, poly(vinylalcohol),
poly(ethyleneoxide) and poly(vinylpyrrolidone),3'15 but the use of tailor-made
copolymers such as poly(/V,/V-dimethylaminoethyl methacrylate-b-n-butylmethacrylate)8
and poly(2-vinylpyridine-co-butyl methacrylate) has also been investigated.
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However, the chemical polymerisation route is restricted in that there is only a limited
range of dopants that can be incorporated into the conducting polymer, and there is
limited control over the level of polymer oxidation. The anions of the oxidant salt used
during chemical synthesis usually act as the dopant. With electrochemical synthesis
greater control over the polymer oxidation level can be obtained and a wider range of
dopant anions can potentially be incorporated into the conducting polymer.

Studies have shown that electrochemical polymerisation of pyrrole and aniline
monomers proceeds through the formation of soluble oligomers above the electrode
surface.16"19 Upon further electrochemical growth, the oligomers exceed their solubility
limit and precipitate onto the electrode surface to undergo further polymerisation. In
attempting to prevent such deposition, solution convection may prove useful in
removing the polymer from the electrode vicinity before deposition. This process is
assisted by steric stabilisers which have been shown to minimise polymer deposition on
the electrode surface.20 Recent studies in our laboratories have consequently found that
electrochemical production of conducting polymer colloids may be achieved under
hydrodynamic conditions in the presence of steric stabilisers.

2.1.1. Aim of this chapter
The principal aim of this chapter is to develop a hydrodynamic electrochemical method
for processing conducting polymer colloids with controllable properties and optimum
yield. The chapter investigates some of the factors that affect polypyrrole colloid
formation and the physical properties of the colloid. Parameters investigated include
polymerisation time, polymerisation solution volume, monomer concentration, porosity
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of the anode and flow rate. These effects are examined in terms of polymer colloid
yield, particle size and particle morphology.

The colloidal polypyrroles are produced under conditions utilising a flow-through cell
designed in these laboratories. A number of techniques such as cyclic voltammetry,
transmission electron microscopy (TEM) and solid state conductivity are employed to
characterise the colloids.

2.2. EXPERIMENTAL

2.2.1. Chemicals and Solutions
Pyrrole (purchased from Merck) was distilled and stored under nitrogen at -10° C until
used. All other chemicals were analytical grade and were used without further
purification. Poly(vinylalcohol) (PVA) with a molecular weight of 70,000 Daltons and
poly(ethyleneoxide) (PEO, molecular weight 160,000 Daltons) were supplied by Aldrich
Chemical Co. Poly(vinylpyrrolidone) (PVP, molecular weight 630,000 Daltons) was
obtained from TCI. Potassium hexacyanoferrate (H) and sodium nitrate were obtained
from Ajax Chemical Co. Aqueous solutions were prepared using deionised Milli-Q
water.

2.2.2. Electrochemical Instrumentation

Preliminary electrochemical studies were carried out using a rotating electrode system
(636, Princeton Applied Research).
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Subsequent electropolymerisation studies of the pyrrole m o n o m e r were carried out in a

three-electrode electrochemical cell at room temperature using aqueous 0.10 M pyrrole
and 1.0 M NaN03. A divided two compartment flow-through cell was constructed for

colloid production (Figure 2.1). A high surface area material, reticulated vitreous c
(RVC), was employed for both the anode and cathode, while Ag/AgCl was used as the
reference electrode. The polymerisation solutions, anolyte and the catholyte, were

recycled through the separate compartments of the cell with a peristaltic pump. The c
was divided by an anion exchange membrane (AMH, Neosepta) to attain better control
over the electrolyte pH. All electrochemical syntheses were performed using an EG&G
Princeton Applied Research potentiostat/galvanostat, model 363.
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Figure 2.1. Electrochemical flow-through cell used for colloid production.
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2.2.3. Spectroscopic Studies
Uv-visible spectra of the aqueous dispersions were recorded using a Shimadzu UV-1601
spectrophotometer over the range 330 to 900 nm, after diluting by a factor of 5. Below
330 nm there was strong absorption by the nitrate ion. The absorbance at 460 nm, where

the polypyrrole colloids exhibited a characteristic absorption band, was used to quant
the amount of colloid produced in some of the electrosynthesis experiments. Successive

dilutions of a stock solution of the colloid showed that the absorbance at 460 nm obeye
Beer's Law, varying linearly with colloid concentration.

2.2.4. Colloid Characterisation
Colloid particle sizes were determined using an Autosizer Lo-C (Malvern Instruments),
employing the principle of photocorrelation spectroscopy. The dynamic mobility and
zeta potential of the colloidal particles were determined employing a Zetamaster
(Malvern Instruments). These measurements are based on the laser Doppler effect. Ten
measurements were recorded for each sample, mean values and standard deviations
were calculated. Transmission electron micrographs were obtained using a Hitachi H7000 microscope. A Beckman Optima ™ L80 centrifuge was employed to obtain solid
samples from the colloidal dispersions. A Shimadzu

STL-10AXL

HPLC system utilising

UV detection at 236 nm was used to determine the concentration of unreacted pyrrole
monomer in aliquots taken after various electropolymerisation times.

2.2.5. Colloid Production
Unless otherwise stated, colloidal polypyrroles were prepared using a 2 hour
polymerisation time at room temperature under galvanostatic conditions. A typical set
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conditions for the synthesis of the polypyrrole/nitrate colloids involved 200 m L of
anolyte solution containing 0.10 M pyrrole, 3 g/L of PVA and 1.0 M sodium nitrate.
Catholyte solution consisted of 1.0 M NaN03. An electrolyte flow rate of 40 mL/min
and a current density of 0.40 mA/cm2 were used. Several reaction parameters were

varied as indicated in the text. Electropolymerisations under potentiostatic control w
carried out at a potential of 0.90 V {vs Ag/AgCl).

At the end of the polymerisation period the colloidal dispersion formed was centrifuge
for 90 min at 49,000 rpm. The supernatant was decanted and the colloid redispersed in

water to remove any reactants and recentrifuged. This procedure was repeated twice and
the colloid was redispersed in 25 mL of water. A 5 mL sample was retained for
characterisation experiments while the rest of the sample was freeze dried.

2.2.6. Coating of RVC Electrodes
In a few cases platinum-coated and polyaniline-coated RVC electrodes were also
examined as working electrodes for the electrohydrodynamic polymerisation of pyrrole:

(i) the platinum-coated RVC working electrode was sputter-coated with platinum using
a Dynavac Magnetron Coater Model SC100MS;

(ii) an RVC electrode coated with PAn.(+)-HCSA/PSS {HCSA = (+)- 10camphorsulfonic acid, PSS = poly(styrenesulfonate) } was prepared by the following
procedure with the assistance of Dr. Peter Innis in our laboratories:
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The polymerisation solution contained 0.20 M aniline, 1.0 M (+)-10-camphorsulfonic
acid (HCSA) and 3 g/L poly(styrenesulfonate) (PSS) steric stabiliser. The

polymerisation was carried out at constant potential of 0.90 V (vs Ag/AgCl) with a flow
rate of 165 mlVmin. The PAn.(+)-HCSA material that deposited onto the RVC working
electrode forming a uniform layer completely covering the RVC surface. This RVC
electrode was then washed with water to remove any reactants.

2.2.7. Cyclic voltammetry
A BAS Model CV-27 voltammograph was employed for cyclic voltammetry

measurements of the clean redispersed colloids. A platinum working electrode, stainles
steel auxiliary electrode and an Ag/AgCl (3.0 M NaCl) reference electrode were used.

2.2.8. Solid State Conductivity

Electrical conductivity of pellets pressed from clean, dried polypyrrole colloids were
measured using the Van der Pauw technique,24 described in detail in Appendix 1.

2.3. RESULTS AND DISCUSSION

2.3.1. Effect of Steric Stabiliser and Concentration
(i) Studies Using a Rotating Disc Electrode
The effect of poly(vinylalcohol) (PVA) and poly(ethyleneoxide) (PEO) on the

electropolymerisation/deposition of polypyrrole was initially investigated under stati
and hydrodynamic control using a platinum rotating disc electrode described in the
Experimental section. Polymerisations were carried out under both potentiostatic and
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galvanostatic control, using steric stabiliser concentrations of 3, 6 and 9 g/L. The
polymerisation solution consisted of 0.10 M pyrrole, 1.0 M NaN03 and the appropriate
stabiliser in a total volume of 50 mL. These solutions were de-oxygenated prior to the
addition of the monomer to ensure no oxidation due to dissolved oxygen in solution.

During potentiostatic growth, the initial electrode rotation of 1000 rpm resulted in a
substantial increase in charge consumed at the electrode surface (Table 2.1). This could
be a consequence of the improved mass transport properties of the system, as monomer

is delivered to the diffusion layer of the electrode for efficient oxidation. However, th
higher rotation rates of 2000 and 3000 rpm decreased the charge consumed at the

electrode surface considerably. Presumably, higher rotation rates reduce the contact tim
between oligomer molecules and the electrode surface, retarding subsequent
electrochemical polymerisation. This observation also suggests that deposition of the
polymer onto the electrode surface is hindered by the hydrodynamic force. The electrode
rotation provides an efficient mechanism to remove the polymer from the electrode

surface. The optimum rotation rate is therefore a compromise, chosen' to ensure efficient
transport of reactants to the electrode surface while allowing adequate contact time
between the electrode and the monomer for electropolymerisation to proceed.

An analogous situation with respect to flow rate will exist in the electrohydrodynamic
cell in Figure 2.1. The transport of the monomer to the electrode surface is more
efficient. However, the oligomer oxidation product is then delivered away from the
electrode surface as illustrated in Diagram 2.1. This retards the subsequent steps
involved in the polymerisation.
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Monomer
\

Oligomer

Electrode
Surface

/

Polymer
Diagram 2.1. Transport of reactants and products at the electrode surface.

It was found that the use of higher steric stabiliser concentrations decreased the ch
consumed at the electrode surface for both stabilisers PVA and PEO (Table 2.1, data
given only for PEO stabiliser since PVA exhibited the same trend). This may be

attributed to the presence of the large insulating steric stabiliser molecules, which

also alter the diffusion rate at the electrode surface due to the higher solution vis

Table 2.1. Effect of electrode rotation and PEO steric stabiliser concentration on th
charge passed during 60 sec polymerisation under potentiostatic conditions.

Charge consumed (mA)
RPM

3g/L

6g/L

9g/L

0

71.0

57.7

42.8

1000

725

368

125

2000

550

326

83.8

3000

507

286

76.5

Conditions: 0.10 M pyrrole, 1.0 M N a N 0 3 , P E O steric stabiliser, polymerisation time 60
sec, applied potential 0.90 V {vs Ag/AgCl).

Under galvanostatic conditions, high steric stabiliser concentrations required a higher
potential to sustain polymerisation (Table 2.2). This correlates with the above
potentiostatic growth data showing that high steric stabiliser concentrations affect
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rate of polymerisation. Thus, for optimum conditions the stabiliser concentration should
be high enough for efficient stabilisation, but not so high as to alter the electrochemical
properties of the polymer.

Table 2.2. Effect of electrode rotation and P V A steric stabiliser concentration on the
deposition potential of pyrrole under galvanostatic conditions.
Polymerisation/deposition potential (V)

RPM

P V A 3 g/L

PVA 9 g/L

0

0.62

0.63

1000

0.64

0.69

2000

0.66

0.71

3000

0.69

0.73

Conditions: 0.10 M pyrrole, 1.0 M N a N 0 3 , P V A steric stabiliser, polymerisation time
30 sec, applied current 0.50 mA/cm 2 . Data for 6 g/L P V A not included.

(ii) Studies with the Flow-through Cell
Colloidal polypyrrole particles were then produced in the flow-through electrochemical
cell (Figure 2.1) using P V A , P E O and P V P (poly(vinylpyrrolidone)) as steric stabilisers.
For each stabiliser three concentrations were studied, namely 3, 6 and 9 g/L.

The polymerisation reaction was monitored periodically by uv-visible spectroscopy i
the 330 to 900 n m region. The solution spectrum prior to the commencement of reaction
showed no absorption for the monomer or other reactants within this wavelength range.
Spectra taken during colloid formation showed a strong absorbance peak at 460 n m
accompanied by a shoulder peak at 560 nm. The appearance of a shoulder peak was
reported previously by Pfluger et al.25 for polypyrroles. These peaks increased
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progressively with continued synthesis over 120 min (Figure 2.2). U p o n standing for a
further 18 hr, these peaks decreased, accompanied by the appearance of a second

absorbance band at 780 nm (Figure 2.3). This latter band is consistent with the presenc
of bipolarons typically observed in doped and conducting polypyrrole.21 During the

initial colloid formation this latter feature was clearly absent, indicative of the for

of colloidal polypyrrole particles with only limited doping. It has been suggested that
evolution of the 780 nm absorption band is due to post-oxidation of the polypyrrole by
91

dissolved oxygen in solution. The formation of undoped polymer m a y be due to the

fact that during growth of a colloid particle insufficient time is provided to fully do
the polymer as the particle is swept away from the electrode by the flowing solution.

330

400

470

540

610

680

750

820

890

Wavelength (nm)

Figure 2.2. Uv-visible spectra of polypyrrole nitrate colloids recorded during synthesi
( 0.10 M pyrrole, 1.0 M NaN03, 3 g/L PVA, polymerisation solution volume 200 mL,
40 mL/min flow rate, 0.40 mA/cm2 constant current).
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Figure 2.3. Uv-visible spectrum of the 90 min reaction sample measured after standing
18hrs.

Uv-visible spectroscopy was used to monitor the amount and nature of the polypyrrole
colloid produced over the 120 min polymerisation time. The characteristic absorption
band at 460 nm was used as a means of comparing the amount of colloid produced with
different steric stabilisers and concentrations of stabiliser.

The data in Table 2.3 show that increasing the concentration of the

poly(vinylpyrrolidone) and poly(ethyleneoxide) steric stabilisers resulted in a moderate
increase in the amount of colloid produced, while poly(vinylalcohol) produced the same
amount of colloid (within experimental error) for the different concentrations of
stabiliser employed.
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Table 2.3. Effect of steric stabiliser concentration on the amount of colloid produced.
Absorbance (460 n m )
Steric stabiliser

PVA

PEO

PVP

1.5

2.05

1.75

1.80

3

2.15

2.35

1.80

6

1.95

2.80

2.70

concentration
g/L

Conditions: 0.10 M

pyrrole, 1.0 M

N a N 0 3 , flow rate 20 mL/min, polymerisation

solution volume 200 m L , polymerisation time 2 hr, 0.40 m A / c m 2 constant current.

In terms of mass of polypyrrole colloid produced under identical conditions, P V P was
found to be the most efficient: 3 g/L P V P as stabiliser gave 1.3 g of colloid, while 3 g/L
P V A and 3 g/L P E O produced 102 and 156 m g , respectively. The polymerisation
solution consisted of 0.10 M pyrrole and 1.0 M N a N 0 3 in a total volume of 200 m L in
each case, and a flow rate of 20 mL/min was employed. Polymerisation was carried out
under galvanostatic control with a current of 0.40 m A / c m

for 2 hrs. Higher

concentrations of steric stabiliser did not result in a significant increase in colloid mass.
Colloids synthesised at the lowest stabiliser concentration of 1.5 g/L sedimented with
time. A s observed in the rotating disc electrode studies in (i) above, the optimum
stabiliser concentration was 3 g/L. This provided effective steric stabilisation whilst at
the same time not shielding the electrical properties of the polymer.

The nature of the steric stabiliser employed was also found to influence the properti
the

colloid

formed,

Poly(vinylpyrrolidone)

namely
produced

particle
the

size

smallest

and

solid

state

particles, ca. 50

conductivity.
nm,

while
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poly(ethyleneoxide) gave particles with the largest particle diameter, > 200 nm. P V A

produced polypyrrole particle in the 100 nm range. This observation was also reporte
9f\

by Armes et al. for chemically prepared colloids, where it was suggested that P E O

gave the largest particles. The effect of steric stabiliser on the solid state condu
described in section 2.3.10 (ii) below.

2.3.2. Effect of Polymerisation Time

The mass of colloid produced increased with longer polymerisation times (Table 2.4).
This is expected as the monomer solution is in contact with the working electrode for
longer periods of time. However, deposition of polymer on the working electrode also

increased. The particle size was observed to increase slightly as the polymerisation

was extended (Table 2.4). These results suggest that polymer grafting to existing co

particles takes place, although at a slower rate than the formation of either new co
particles or polymer deposition. Secondary growth of the colloid particles may be
hindered by the presence of the insulating layer of steric stabiliser formed on the

surface. The shorter electrosynthesis time of 1 hour produced a more uniform particl
distribution (polydispersity factor of 0.8, Table 2.4), while longer polymerisation
of 2 and 4 hours gave colloids with a skewed particle size distribution.

Table 2.4. Effect of polymerisation time.
Polymerisation

Colloid

Polymer

Particle

Polydispersity

time (hr)

formed (mg)

deposited (g)

size (nm)

index

1

65
88

0.33

112±4
119±5
131 ±3

0.80

2
4

0.73

0.10

0.15
1.30
Conditions: 0.10 M pyrrole, 1.0 M N a N 0 3 , 3 g/L P V A , polymerisation solution volume

175

200 mL, 40 mL/min flow rate, 0.40 mA/cm2 constant current.
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2.3.3. Effect of M o n o m e r Concentration
Three pyrrole m o n o m e r concentrations (0.05, 0.10 and 0.40 M ) were investigated. It
was established that the amount of colloid produced increased with decreasing pyrrole
concentration (Table 2.5). Conversely, the amount of polymer deposited onto the surface
of the working electrode increased as the pyrrole concentration was increased. This is
consistent with the observation that polymer films are more easily deposited at higher
monomer concentrations.

It was interesting to observe that the particle size decreased with increasing pyrrol
concentration. It is possible that at the lowest monomer concentration (0.05 M ) the
number of radical cations generated at the electrode surface is low, leading to the
formation of a smaller number of nuclei that can subsequently grow to form particles.
Under these conditions new radical cations are more likely to react with existing nuclei
rather than form n e w ones, resulting in larger particles. At the highest monomer
concentration (0.40 M ) a more uniform particle size and distribution was noted, possibly
due to a larger number of nuclei that can grow to form colloidal particles.

Table 2.5. Effect of pyrrole concentration.
Pyrrole

Colloid

Polymer

Particle

concentration ( M )

formed (mg)

deposited (g)

size (nm)

0.05

172

0.68

260 ± 16

0.27

0.10

85

0.73

103 ± 8

0.32

0.40

80

0.84

109 ± 4

0.12

Polydispersity

Conditions: 1.0 M N a N 0 3 , 3 g/L P V A , 40 mL/min flow rate, polymerisation time 2 hr,
polymerisation solution volume 200 m L , 0.40 m A / c m 2 constant current.
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2.3.4. Effect of Polymerisation Solution V o l u m e
The results shown in Table 2.6 indicate that with increasing anolyte volume, the amount
of colloid produced increased substantially. This may be due to faster monomer
depletion when lower solution volumes are employed. In larger volumes, the change in
pyrrole concentration is less significant. As the polymerisation solution is recycled
through the working electrode, the concentration should then reach a point where no
further effective polymerisation can occur.

The above results agree with HPLC analysis of reaction aliquots (Figure 2.4). In the fir
hour of electropolymerisation 50% of the pyrrole was consumed, while after two hours
less than 30% of pyrrole was left unreacted.

The amount of conducting polymer deposited onto the working electrode also increased
at higher reaction volumes, although this drawback was compensated by the substantial
increase in colloidal yield (Table 2.6).

Within experimental error, no significant variation was observed (Table 2.6) in the size
of the colloidal particles (130-144 nm) with changes in the polymerisation solution
volume.
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Table 2,6. Effect of polymerisation solution volume.
Polymerisation solution

Colloid formed

Polymer deposited

Particle size

volume ( m L )

(mg)

(g)

(nm)

200

28.7

0.64

144 ± 13

350

48.9

0.68

139 ±36

500

474.1

0.84

130 ± 2

Conditions: 0.10 M pyrrole, 1.0 M NaN0 3 , 3 g/L PVA, polymerisation time 2 hr, 40
mL/min flow rate, 0.40 mA/cm2 constant current.

2.3.5. Effect of Electrode Porosity

RVC anodes with porosities of 45, 60 and 100 pores per inch (ppi), with surface area
volume ratios of 27.9, 39.4 and 65.6 cm2/cm3, respectively, were examined. The mass

colloid produced increased with increasing porosity, i.e. increasing surface area (T
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2.7). Polymer deposition on the electrode surface also increased with increasing
porosity, as would be expected based on the larger surface area available for polymer
adsorption. However, the mass of polymer deposited per unit surface area increased
more slowly in relation to the increase in mass of colloid produced.

Particle size analyses (Table 2.7) showed that the most porous RVC electrode (100
produced smaller colloids than the least porous R V C (45 ppi). This may be due to the
fact that increasing porosity is associated with smaller pores and higher solution linear
velocities, which in turn would limit the growth of the colloidal particles.

Table 2.7. Effect of working electrode porosity.

RVC

Colloid

Colloid

Polymer

Polymer

Particle size

porosity

formed

formed/

deposited

deposited /

(nm)

(ppi)

(mg)

surface area

(g)

surface area

of electrode

(mg/cm )

(mg/cm 2 )

100

88

0.112

0.73

0.930

103 ± 8

60

20

0.051

0.36

0.911

169 ± 15

45

25

0.075

0.17

0.507

157 ± 6

Conditions: 0.10 M pyrrole, 1.0 M N a N 0 3 , 3 g/L P V A , polymerisation solution volume
200 m L , polymerisation time 2 hr, 40 mL/min flow rate, 0.40 m A / c m 2 constant current.

2.3.6. Effect of Flow Rate
The higher the flow rate the shorter the contact time between the polymerisation
solution and the working electrode. The three flow rates examined were 20, 40 and 60
mL/min, and the uv-visible absorption at 460 n m was used to quantify the colloid
production (Table 2.8).
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The optimum flow rate was found to be 40 mL/min. At 20 mL/min, colloid was lost to
the R V C anode surface as the hydrodynamic effect of removing the polymer from the
diffusion layer, above the electrode, was less efficient. Conversely, at 60 mL/min the
electrolyte flowed too quickly through the cell for effective colloid growth. The
intermediate flow rate of 40 mL/min balances these two effects.

Table 2.8. Effect offlowrate.
Flow rate (mL/min)

Absorbance (460 n m )

20

0.95

40

1.18

60

0.54

Conditions: 0.10 M pyrrole, 1.0 M N a N 0 3 , 3 g/L P V A , polymerisation solution volume
500 m L , polymerisation time 2 hr, 0.40 m A / c m 2 constant current.

2.3.7. Effect of Electrode Surface Modification
Polymer deposition on the R V C working electrode surface is the major drawback of the
above processing method. Studies were therefore carried out using R V C electrodes precoated with a substrate that m a y hinder the deposition of the polymer. Polymerisations
were then carried out under standard conditions identical to those described above with
the untreated R V C working electrodes.

Sputter-coating the RVC electrode with platinum (see Experimental) did not diminish
the colloid mass deposited. However, electrochemically pre-coating the R V C with a
layer of polyaniline ( P A n . H C S A emeraldine salt) did decrease the polymer deposition
by 5 0 % (Table 2.9). In the pre-coating process, conducting polyaniline coats the surface
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of the R V C electrode. After the R V C becomes completely covered with polyaniline,
further deposition seems to be reduced. However, with pyrrole electropolymerisation
this behaviour is not observed (see above). The polymer continues to coat the electrode
surface even after the entire surface area of the electrode is coated with polypyrrole.

Table 2.9. Effect of pre-coating the R V C working electrode.
Electrode material

Colloid mass produced (mg)

RVC

23

Platinum coated R V C electrode*

19

Polyaniline coated R V C electrode*
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Conditions: 0.10 M

pyrrole, 1.0 M

N a N 0 3 ? 3 g/L P V A , 40 mL/min flow rate,

polymerisation solution volume 200 m L , polymerisation time 2 hr.
* Details in Experimental section

23.8. Effect of Cell Design
The electrochemical cell that was employed in the above studies (see Figure 2.1) had a
number of limitations associated with the cylindrical shaped electrodes. This cylindrical
design does not maximise the efficiency of the electrode, since the potential gradient
drop against the electrode results in a non-uniform electricalfielddistribution. During
the course of the present studies, alternative flow-through cells became available,
designed and constructed in our laboratories, which employed rectangular R V C
electrodes in order to maximise the effective surface area of the electrodes. T w o designs
were examined in this cell development study, involving either:
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(i)

a parallel anode/cathode design (Figure 2.5), or

(ii) an anode sandwiched between two opposing cathodes (Figure 2.6).

In both cases, each cell compartment was separated by an anion exchange membrane
(Neosepta™) and protected by inserting filter paper between the membrane and
electrode to minimise fouling. Electrolyte flowed from separate catholyte and anolyte
reservoirs.

These two cells were tested for their electrochemical efficiency as described in
Appendix 2. The effectiveness of these alternative cell designs for the
electrohydrodynamic formation of polypyrrole nitrate colloids was then examined and
compared with the cylindrical electrode cell.

Standard conditions of 0.10 M pyrrole, 1.0 M NaN03 and 3 g/L PVA were used for
colloid synthesis. A constant current of 0.40 mA/cm was employed for electrosynthesis

utilising a flow rate of 40 mL/min. Colloid yield was again quantified by the absorbance
at 460 nm. The highest absorbance value was obtained for the three-compartment cell,
however the absorbance values for the other two cells were only slightly lower (Table
2.10). The efficiency tests carried out in Appendix 2 confirmed that the threecompartment cell was the most efficient.
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Table 2.10. Comparison of different cell designs.

Cell

Absorbance (460 n m )

Cylindrical cell

2.20

Two-compartment cell

2.30

Three-compartment cell

2.44

Filter Paper
Out M Out
Ag/AgCl
__

,.__*£**._H*51

Cathode

Anode
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_
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Figure 2.5. Parallel anode/cathode, two-compartment electrochemical cell.

Figure 2.6. Three-compartment electrochemical cell.

2.3.9. Comparison of Constant Potential and Pulsed Potential Control
For this comparison, polymerisations were carried out under the standard conditions of
0.10 M pyrrole, 1.0 M NaN035 3 g/L PVA, 40 mL/min flow rate, polymerisation
solution volume 200 mL using the three-compartment hydrodynamic cell in Figure 2.6.

Constant current synthesis was carried out for 2 hrs, while for pulsed potential synthes
the colloids were generated for 4 hrs.

The mass of polypyrrole colloid produced under potentiostatic conditions (constant
potential of 0.90 V (vs Ag/AgCl)) was substantially higher than obtained using
galvanostatic conditions (Table 2.11). An advantage of potentiostatic polymerisation is
that the desired potential can be chosen so as to avoid over-oxidation of the polymer.
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For the pulsed potential synthesis, a potential of 1.0 V (vs Ag/Ag/Cl) was applied for 1
sec and then a potential of 0.50 V (vs Ag/Ag/Cl) was applied for the following sec and
this sequence was repeated for the duration of polymerisation. The synthesis was carried
out for 4 hrs. It was considered that this pulsed potential pattern may help reduce the
undesired polymer deposition at the electrode surface, i.e. the lower potential (0.50 V)
should slow the polymerisation process allowing the aggregated polymer chain
sufficient time to be removed from the diffusion layer of the electrode surface by the
hydrodynamic force. However, the colloid mass obtained was almost identical (within
experimental error) to that obtained for potentiostatic growth. The deposition was not
reduced, while the polymerisation took double the time with no increase in amount of
colloid produced.

In a separate pulsed potential experiment, a potential of 1.0 V (vs Ag/Ag/Cl) was
applied for 1 sec followed by a potential of 0.0 V (vs Ag/Ag/Cl) for the following sec,
repeated for the duration of the polypyrrole nitrate colloid synthesis. This method
resulted in a drastic decrease in the mass of colloid produced. Presumably, the 0.0 V (vs

Ag/Ag/Cl) potential stops the polymerisation for 1 sec; so the free radicals formed at th
electrode are swept away from the diffusion layer. When the potential of 1.0 V is reapplied, new radical cations have to generated at the electrode surface for subsequent
chain propagation and polymer growth. Consequently, the amount of colloid produced is
significantly reduced.

In conclusion, electrosynthesis carried out under constant potential proved to be the

most efficient method for colloid synthesis. However, polymer deposition is still a major
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problem. Attempts at eliminating such deposition by applying a pulsed potential were
not successful.

Table 2.11. Comparison of different polymerisation methods.
Polymerisation method

Colloid mass produced (mg)

Constant current (0.40mA/cm 2 )

23

Constant potential (0.90V)

115

Pulsed potential (1 V:0.5V)

84

Pulsed potential (1V:0V)

19

Conditions: 0.10 M

pyrrole, 1.0 M

N a N 0 3 , 3 g/L P V A , 40 mL/min flow rate,

polymerisation solution volume 200 m L , polymerisation time 2 hr.

2.3.10. Colloid Characterisation
Unless otherwise stated, the characterisation data presented were for colloidal
polypyrrole electrosynthesised under the standard conditions of 0.10 M pyrrole, 1.0 M
N a N 0 3 , 3 g/L P V A , 40 mL/min, 0.40 m A / c m 2 for a 2 hr duration.

(i) Colloidal Particle Size, Morphology and Charge
Size distribution graphs obtained for the polypyrrole nitrate colloids from light
scattering measurements showed a skewed particle size distribution ranging from
approximately 100 n m to 1000 n m diameter, with the majority of particles present in the
150 to 200 n m range.

Transmission electron micrographs of the polypyrrole/nitrate dispersions showed
discreet spherical morphology (Figure 2.7), with the particles appearing to be aggregated
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into large bundles (Figure 2.8). These aggregates explain the observation of particle
sizes of up to 1 p m by the light scattering technique.

Figure 2.7. Transmission electron micrograph of colloidal polypyrrole nitrate.

Figure 2.8. Transmission electron micrograph of aggregated polypyrrole nitrate colloid
particles (x 100 K ) .
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Zeta potential and electrophoretic mobility measurements showed that the colloidal
dispersions have an isoelectric point at ca. pH 3. Below this pH the zeta potential is
positive, while at higher pHs the zeta potential becomes negative (Figure 2.9).
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Figure 2.9. Zeta potential titration for polypyrrole nitrate colloid (Preparative
conditions: 0.10 M pyrrole, 1.0 M NaN03. 3 g/L PVA, 40 mL/min flow rate,
polymerisation solution volume 200 mL, polymerisation time 2 hr)

(ii) Cyclic Voltammetry
The electroactive and conductive nature of the polypyrrole nitrate colloids was
confirmed by cyclic voltammetry of the clean colloids redispersed in aqueous 0.10 M
NaN03. Well defined quasi-reversible responses (Figure 2.10) were obtained, with the
oxidation potential at -0.35 V (vs Ag/AgCl) and the reduction potential at -0.50 V (vs
Ag/AgCl). These responses may be assigned to the oxidation/reduction of the
electroactive polypyrrole colloid according to eqn. (2.1).
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The presence of a steric stabiliser in the colloid production does not affect the type of
9*7

response observed. Yang et al. obtained very similar responses for chemically prepared
polypyrrole colloids without a stabiliser.

The current in the cyclic voltammograms did not increase with the number of scans,
which indicates that over the potential range studied (+1.0 V to - 0.7 V) no
electrocoagulation was induced.

EXP. CONDITION!

5ufl
__

INIT El_V>- 1000
HIGH EC_V)« 1000
LOU EU.V1- -700
V (-V/SECl- 100
SWEEP S____NT5_ 2
SMPL INT.(BV)» 2

+ 1.00J

0.5

-0.700

Figure 2.10. Cyclic voltammogram of polypyrrole nitrate colloids in 0.10 M

NaN03

supporting electrolyte (0.10 M pyrrole, 1.0 M NaN03, 3 g/L PVP, 40 mL/min flow rate,
polymerisation solution volume 200 mL, 0.4 mA/cm2, polymerisation time 2 hr).
Platinum electrode, 100 mV/s,
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(iii) Solid State Conductivity
The electrical conductivities obtained for the polypyrrole nitrate colloids were very low
(Table 2.11), possibly due to the presence of the steric stabiliser or the brittle pellets
prepared.

Experimental conditions such as flow rate, polymerisation volume and pyrrole monome
concentration did not affect the electrical conductivity of the colloidal materials. In
contrast, the type of stabiliser employed altered the electrical conductivity significantly.
A n increase of more than 10 fold in electrical conductivity was observed when P E O was
used as steric stabiliser instead of P V A . This increase may be attributed to the larger
colloid particle diameter obtained for PEO-stabilised polypyrrole colloids.

Table 2.11. Solid state conductivity for polypyrrole nitrate colloids prepared under
different conditions.
Steric Stabiliser

Experimental Conditions

3g/L

PVA

Electrical Conductivity
(uS/cm)

0.1 M

pyrrole, 1.0 M

mL/min,

0.4

N a N 0 3 , 40
mA/cm 2 ,

10

polymerisation volume 200 m L .

PVA

0.1 M

pyrrole, 1.0 M

mL/min,

0.4

N a N 0 3 , 40
mA/cm 2 ,

5

polymerisation volume 500 m L .

PVA

0.05 M pyrrole, 1.0 M N a N 0 3 , 40
mL/min,

0.4

mA/cm 2 ,

8

polymerisation volume 200 m L .

PEO

0.1 M

pyrrole, 1.0 M

mL/min,

0.4

N a N 0 3 , 40
mA/cm 2 ,

142

polymerisation volume 200 m L .
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2.4. CONCLUSIONS

Polypyrrole colloids incorporating the nitrate anion can be readily prepared by the
electrohydrodynamic oxidation of pyrrole monomer in the presence of a steric stabiliser
such as the commercial polymers PVA, PEO and PVP. Sedimentation of the colloidal

materials occurs with time if the concentration of the stabiliser is not sufficient, whil
high concentration of stabiliser shields the electrical properties of the polymer. An
optimum stabiliser concentration of 3 g/L is established for colloidal stability, whilst
retaining the electrical behaviour of the polymer.

The optimum yield of colloidal polypyrrole is obtained using a large anolyte volume,
low monomer concentration, extended polymerisation time and a high porosity RVC
working electrode. The maximum amount of colloid is obtained under potentiostatic
conditions employing the three-compartment electrohydrodynamic cell with a moderate
flow rate of 40 mL/min. The particle size can be controlled by altering the experimental
conditions. However, the main limitation of this processing method is that under some
conditions more than 90 % of the colloid mass is lost on the working electrode surface.
Prior electrochemical coating of the RVC electrode with polyaniline was found to
decrease this deposition significantly, thereby improving the efficiency of the process.

This successful use of a hydrodynamic electrochemical flow-through cell to produce

colloidal polypyrrole particles may be exploited for applications where the nature of th
dopant is more important than the colloid mass. For example, in the following Chapter

we describe the preparation of polypyrrole incorporating a biological dopant, the protein
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lactoferrin as the anion. A potential application for these colloidal polypyrrole materials
is in diagnostic kits where the dopant and the colour of the particles are the important
characteristics.
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CHAPTER 3
Synthesis of Polypyrrole Colloids
Incorporating Lactoferrin

3.1. INTRODUCTION

The functionality of conducting polymers is most readily modified by incorporation of
an appropriate anion or dopant (A") during synthesis, eg. for polypyrrole:

H

A

H 'n

Using this approach a range of metal complexing agents1, enzymes ' , antibodies ' and
even whole living cells6 have been incorporated. The electropolymerisation approach
provides sufficient control that the delicate structure of these materials, necessary to
ensure bioactivity, can be retained.

As we have shown in the previous chapter and publications7"10, colloidal dispersions of
conducting polymers can be obtained using the electrochemical approach in a
hydrodynamic flow-through cell in the presence of a steric stabiliser. A wide range of
counterions m a y be incorporated since the potential can be accurately controlled during
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the polymerisation process. This is particularly important if delicate bioactive moieties
such as proteins are to be incorporated.

Incorporation of proteins is especially interesting in that the development of highly
efficient diagnostic kits based on colloidal dispersions may be possible11"13. Electrical
properties such as conductivity make conducting polymers attractive for use in many
applications. However, in the case of immunodiagnostics it is the strong visible
absorption by polypyrrole that makes them ideal for use as visually read immuno-assays.

The use of steric stabilisers for the preparation of the biological colloidal polypyrrole

might shield the activity of the biochemical dopant. It is therefore interesting that Armes
and Maeda14"15 have developed synthetic routes for the preparation of polypyrrole
particles using silica as a dispersant. The silica particles provide a substrate for the
polymer to coat, eliminating the need for a steric stabiliser which might compete as a
dopant. These nanocomposites consist of silica particles "glued" together by the
conducting polymer component and stabilised by an outer layer of silica particles. The
composites still have a distinct dark colour which would be suitable for
immunodiagnostics. Silica polypyrrole composites can also be used as the stationary
phase of chromatography columns used for separation processes. In addition,
immobilisation of colloids on solid cores provides very efficient separation media due to
the high surface area produced.

Another potential application for colloidal conducting polymer materials is as drug
carrier systems. A protein drug may be incorporated as the anion and released into the
target site according to a designated time profile. For example, Bidan et al.
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investigated the incorporation of cyclodextrins into polypyrrole as an approach to drug
delivery. The drug is released by the doping/dedoping mechanism associated with
conducting polymers. The application of a suitable potential triggers the electrochemical
release of the dopant drug. The preparation of colloidal conducting polymers
incorporating a drug provides an efficient method of drug delivery in the bloodstream.
In-vitro injection of colloidal drug carriers into the bloodstream ensures fast delivery

and efficient release of the drug into the target site. Significantly, Harper et al.17 have
shown that sterically stabilised polystyrene colloidal particles can pass through the
Kupffer cells of the liver (which remove foreign matter from the bloodstream)
undetected.

3.1.1. Aim of this Chapter
The primary aim of this Chapter is to investigate whether biological dopants such as
proteins can be incorporated into polypyrrole colloidal particles during
electrohydrodynamic polymerisation and their biological integrity retained. The protein
chosen for this work was lactoferrin which is found in milk. The effect of varying pH
and stabiliser on the production of the novel conducting polymer colloids was
investigated.

The morphology of the colloidal materials was characterised using transmission electron
microscopy, while cyclic voltammetry was used to investigate their electrochemical
properties.
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3.2. EXPERIMENTAL

3.2.1. Chemicals and Solutions

Chemicals used for colloid synthesis included sodium nitrate (BDH), lactoferrin (Tatua
Dairies, New Zealand), disodium orthophosphate (BDH), sodium dihydrogen
orthophosphate (BDH), citric acid (BDH), poly(vinylalcohol) (PVA, MW 10,000
Daltons; Aldrich) and alginic acid sodium salt (Sigma). Ludox HS-40 (40 % (w/w))

colloidal silica with an average particle diameter of ca. 20 nm was supplied by Dupon

Ltd. The chemicals were used as supplied without further purification. Pyrrole (Sigma
was distilled and stored under nitrogen at -10° C until used. Aqueous solutions were
prepared using doubly distilled water.

3.2.2. Electrochemical Instrumentation
Electropolymerisation was performed with an EG&G Princeton Applied Research
potentiostat/galvanostat, Model 363.

The parallel anode/cathode two-compartment cell described in Chapter 2 (Figure 2.5)
was employed for colloid production. Reticulated vitreous carbon (RVC) was used for
both the anode (730 cm2) and cathode (1095 cm2). A peristaltic pump was employed to

recycle the anolyte and catholyte through the separated cell compartments. The cell w
divided by an anion exchange membrane (AMH, Neosepta) to prevent the two solutions
from mixing, in order to attain better control over pH.
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3.2.3. Spectroscopic Studies
Uv-visible spectra were recorded using a Shimadzu UV-1601 spectrophotometer from
300 to 900 nm. Circular dichroism (CD) spectra on the samples were recorded from 300
to 700 nm using a Jobin Yvon Dichrograph 6 without any dilution. The CD spectra
could not be recorded at wavelengths longer than 700 nm due to the high absorption by
the colloids and the poor instrument-to-noise signal in this region.

3.2.4. Colloid Production
Colloidal polypyrrole particles with a lactoferrin dopant (PPy.LF) were synthesised at

pH values of 3, 5 and 7, using the appropriate buffer, in order to identify the optimum
pH for maximum colloid growth and incorporation of the biochemical dopant, LF. The

polymerisation solution was prepared from 0.10 M pyrrole, 1.0 g/L lactoferrin, 0.020 M
phosphate buffer for pH 7 and 0.02 M MeDavine buffer for pH 3 and 5. The catholyte or
auxiliary electrode solution consisted of 0.50 M NaN03 and buffer. A flow rate of 40
mL/min was employed and a constant current density of 0.30 mA/cm was applied. The
polymerisation at pH 5 was aided by the addition of 0.50 M NaN03. Polypyrrole

lactoferrin (PPy.LF) colloids were synthesised over 2 hours in 200 mL of polymerisation
solution.

Cell voltage and pH were measured periodically during synthesis and the uv-visible
spectra (300-900 nm) were recorded at 0, 30, 60, 90 and 120 min. After polymerisation,

the colloidal dispersions were dialysed overnight using cellulose dialysis tubing (Aldr
Chemical Co.) to remove excess reactants. The absence of lactoferrin in the solution
after dialysis was confirmed by the absence of a uv-visible band at 280 nm.
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3.2.5. Agglutination Test
After colloid dialysis, an agglutination test was performed to determine biochemical
dopant activity using a series of antibody to lactoferrin dilutions, namely 1:10, 1:20,
1:40 and 1:80 in water. 500 uL of each diluted antibody solution was added to 500 uL
of colloid dispersion. The mixtures were then incubated at 37 °C for 30 min and their
bioactivity determined by turbidimetric analysis. Colloid flocculation after 30 min
indicated that the antibody did bind to the lactoferrin incorporated into the polymer.

The agglutinated samples were then scanned using a Hewlett Packard Scanjet 5p and
image analysis was done using NIH Image Version 1.62. Histograms were obtained for
each sample giving a measure of the number of particles present.

3.2.6. Effect of Stabiliser on Lactoferrin Activity
Colloid synthesis was carried out at pH 7 with a stabiliser concentration of 3 g/L. The
use of both steric and anionic stabilisers, namely poly(vinylalcohol) (MW 10,000
Daltons) and alginic acid, respectively was investigated.

3.2.7. Particle Size Measurements
The colloidal particle sizes were determined using an Autosizer Lo-C (Malvern
Instruments). Each 300 uL aliquot was diluted in 3 mL water and the colloid filtered
through a 0.2 um cellulose filter. The sample was then allowed to stand for at least 30
min before particle sizing. This ensured that large particles and contaminants, such as
dust, sedimented. Transmission electron micrographs were obtained using a Jeol 3000
microscope.
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3.2.8. Dynamic Mobility and Zeta Potential Measurements
The dynamic mobility and zeta potential of the colloids were measured during
polymerisation using a Zetamaster (Malvern Instruments). 500 uL of the sample to be
measured was added to 5 mL of the appropriate buffer solution. The zeta potential was
determined at pH values ranging from 2 to 7 using the appropriate buffer solution.

3.2.9. Cyclic Voltammetery
Cyclic voltammograms were recorded using a platinum 1 mm disk working electrode,
copper wire auxiliary electrode and Ag/AgCl reference electrode.

Cyclic voltammetry of dialysed colloids was carried out at a scan rate of 100 mV/s with
the addition of 0.10 M NaN03 supporting electrolyte. The electroactivity was examined
in the range 0.80 to -0.80 V.

3.2.10. Preparation of Polypyrrole Lactoferrin Silica Nanocomposites

The anolyte solution for PPy.LF/silica colloid synthesis contained 0.10 M pyrrole, 100
mg lactoferrin (LF), 0.050 M phosphate buffer at pH 7, 10 % (w/w) silica (Ludox HS40) in a total volume of 100 mL. The polymerisation was carried out for 50 min at a 40
9

mL/min flow rate and a constant current of 0.30 m A / c m .
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3.3. RESULTS AND DISCUSSION

The electrohydrodynamic polymerisation of pyrrole in the presence of lactoferrin could
be readily performed galvanostatically using a current density of 0.30 m A / c m 2 . These
syntheses were carried out before identification of the optimum electrochemical
conditions (ie. constant potential) and prior to development of the three-compartment
electrohydrodynamic cell. Consequently, colloidal polypyrrole lactoferrin w a s not
produced under the most favourable electrochemical and cell design conditions.
However, for the present application the incorporation and activity of the biological
dopant are the priority of the electropolymerisation and not the amount of colloid
produced.

3.3.1. Influence of pH
The effect of solution p H on the electropolymerisation process was investigated without
the use of a steric stabiliser. In all cases (pHs 3, 5 and 7) colloid formation was
observed, indicating that the protein itself can act as a steric stabiliser. The
polymerisation solution was monitored periodically using uv-visible spectroscopy. T h e
initial solution spectrum before synthesis showed no absorption bands between 300 and
900 n m (Figure 3.1). The spectra recorded during electrosynthesis showed a strong peak
at 500 n m accompanied by a shoulder peak at 460 n m typical of polypyrrole; these
peaks increased in intensity with reaction time. U p o n standing overnight the 460 and
500 n m peaks almost disappeared and a broad peak at ca. 700 n m appeared (Figure 3.2).
The latter absorption band is indicative of bipolaron formation. These observations
indicate that the polypyrrole colloids initially formed are not fully doped but become so
upon standing overnight.
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Figure 3.1. Uv-visible spectra of polypyrrole lactoferrin colloids (pH 3) recorded during
electrosynthesis.
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Figure 3.2. Uv-visible spectra of the above samples recorded upon standing overnight.
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Colloid formation was favoured under acidic conditions, as indicated by the higher
absorbance at 500 n m generated for polymerisation at p H 3 compared to p H s 5 and 7
(Table 3.1). Their enhanced colloid formation/stabilisation occurs despite the fact that at
lower p H s the overall protein charge would be positive (isoelectric point (iep) = 8.7),
reducing its effectiveness as a conducting polymer dopant.

Table 3.1. Absorbance at 500 n m for the polymerisation at p H 3, 5 and 7.

pH

Absorbance (500 n m )

3

1.3

5

0.6

7

0.7

Conditions: 0.10 M pyrrole, 1.0 g/L lactoferrin, appropriate buffer, polymerisation time
2 hr, polymerisation solution volume 200 m L , 40 m L / m i n flow rate, 0.30 m A / c m 2
constant current.

During polymerisation to produce PPy.LF colloids zeta potential and particle size were
monitored. A zeta potential titration (pH 5.02 to 6.01) was performed for samples taken
at 30 min time intervals (Table 3.2). This might give evidence of the incorporation of
the biochemical dopant. A

shift in the isoelectric point was observed as the

polymerisation progressed. This shift indicated that an increasing negative charge was
being induced on the particles. The particle size also increased from 30 min to 60 min
polymerisation (Table 3.3), although the counter rate (a measure of the number of
particles) decreased drastically. Therefore, aggregation must be taking place in this
particular polymerisation. At 90 min polymerisation an increase in particle size
occurred, but the size then remained constant (within experimental error) to 120 min.
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T w o possible mechanisms occurring simultaneously might account for the increase in
particle size with increasing synthesis time. At the start of polymerisation the m o n o m e r
concentration is high, therefore initiation of n e w particles takes place. The m o n o m e r
becomes depleted with time and the flow becomes less turbulent and hence less
efficient. The polymer deposition on the electrode surface m a y change the path of the
anolyte through the cell. The R V C electrode is no longer porous, so that the anolyte
solution is in contact with the outer layer of the electrode only.

Table 3.2. Zeta potential for PPy.LF colloid prepared at p H 3.
Polymerisation time

Isoelectric point

(min)

30

5.19

60

5.23

90

5.24

120

5.39

Conditions: 0.10 M pyrrole, 1.0 g/L lactoferrin, p H 3 buffer, polymerisation time 2 hr,
polymerisation solution volume 200 m L , 4 0 mL/min flow rate, 0.30 m A / c m 2 constant
current.

Table 3.3. Particle size of PPy.LF colloid prepared at p H 3.
Polymerisation

Particle

time (min)

size

Counter rate

(nm)

30

44

83

60

65

18

90

85

22

120

78

28

Conditions: same as for Table 3.2.
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3.3.2. Biological Activity

Agglutination tests showed that the colloids prepared at all pHs retained biologic
activity associated with the incorporated lactoferrin protein. Highest activities

observed for samples grown and tested at neutral pH (Table 3.4). The highest antib

dilution did not agglutinate for the pH 3 and 5 colloids, but it did agglutinate fo
colloid prepared at pH 7. An acidic pH is favoured for colloid growth,18 while for

optimum biological activity neutral pH is favoured as the protein might fold or de
at acidic pHs.

Table 3.4. Agglutination test for PPy.LF colloid produced at different pHs.

PPy.LF colloid

pH7
pH5
pH3
V : Sample agglutinated

Antibody dilution
1:10

1:20

1:40

1:80

V
V
V

V
V
V

V
V
V

V
X
X

x : N o agglutination

Figures 3.3 and 3.4 show histograms of the PPy.LF colloids prepared at p H 3 and p H 7,

respectively. Histograms for the agglutinated samples obtained from image analysis
were distinctly different to those observed for the non-agglutinated samples. The

antibody dilution agglutinated for the pH 7 PPy.LF colloids, but did not agglutina

PPy.LF colloids prepared at pH 3. The histograms obtained for these two samples we

quite different. Hence this technique might be useful for more quantitative analys
the agglutination than the current visually-read turbidimetric analysis.
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1:10 Antibody dilution
Agglutinated
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No Agglutination
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Figure 3.3. Histograms obtained for the PPy.LF colloids prepared at pH 3 for different
dilutions of antibody.
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Figure 3.4. Histograms obtained for the PPy.LF colloids prepared at p H 7 for different
dilutions of antibody at pH 7 for different dilutions of antibody.
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3.3.3. Influence of Added Stabilisers
The effect of adding a stabiliser on the colloid formation and properties was then

investigated. The protein activity was found to be adversely affected (at high dilu

by the presence of PVA stabiliser which coats the colloid particle upon formation (

3.5). This lower biological activity of the lactoferrin colloid (at high dilutions)

alternatively be due to a lower concentration of LF in the colloid in the presence o

PVA. However, a high antibody concentration allows it to reach the lactoferrin dopa

molecules, so agglutination takes place. The use of alginic acid removed any sign of

bioactivity for the incorporated lactoferrin. This suggests that alginic acid may c
with lactoferrin as a dopant, since it is negatively charged.

Table 3.5. Agglutination test for colloid produced with different stabilisers.

Antibody dilution

Stabiliser
1:10

1:20

1:40

1:80

PVA

V

V

X

X

Alginic acid

X

X

X

X

V : Sample agglutinated

x : N o agglutination

3.3.4. Polypyrrole Lactoferrin/Silica Colloids
During the electrohydrodynamic synthesis of PPy.LF/silica-stabilised colloids, the
anolyte solution exhibited the dark navy/black colour typical of polypyrrole after
of polymerisation. However, the solution turned milky after 50 min reaction, so the
synthesis was stopped at this stage. This change in colour may be due to charge
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stabilisation provided by the silica particles. A n excess layer of silica coats the outside
of the polymer stabilising the polypyrrole colloidal particles. An agglutination test to
determine the biological activity of the protein dopant was negative, with no
agglutination observed for any of the antibody dilutions. Silica charge stabilisation
might therefore be much more effective than the stabilisation provided by the steric

stabilisers. The silica stabilisation might be so efficient that an interaction between the

antibody and lactoferrin protein would not induce particle flocculation. Also, since silica
coats the outer layer of the polymer chain, this might prevent the antibody from having
sufficient contact with the protein for agglutination to occur.

3.3.5. Colloid Characterisation
(i) Colloidal Particle Size Morphology and Charge
The electron micrographs of the PPy.LF colloids synthesised without stabiliser (Figure
3.5 and Figure 3.6) show spherical colloidal particles with a size of ca. 50 nm. These
colloidal particles exhibit porous morphology - it appears that the polymer grows on the
outside of the protein.
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5.2

mm n.m m
Figure 3.5. Transmission electron micrograph of colloidal polypyrrole lactoferrin (pH
3).

.88645 8§.1KU X 1 M
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Figure 3.6. High magnification (x 100 K ) transmission electron micrograph of colloidal
polypyrrole lactoferrin (pH 5).
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T h e polypyrrole lactoferrin/silica stabilised colloidal particles exhibited a different
particle size and morphology. The particles have a raspberry like morphology (Figure
3.7). The particles seem to be clusters of silica particles joined together by the
polypyrrole. A broader particle size distribution was observed than for the colloidal
particles prepared with lactoferrin and with lactoferrin plus a steric stabiliser. The
particles or nanocomposites ranged in shape from spherical to elongated raspberry-like
morphologies varying from 100 to 600 nm in size.

Figure 3.7. Transmission electron micrograph of polypyrrole lactoferrin/silica colloids.

(ii) Circular Dichroism Spectra
The circular dichroism spectra (CD) obtained in the visible region between 330 and 700
nm exhibited very weak optical activity for the PPy.LF colloids prepared at pH 7 (Figure
3.8). This visible region optical activity is not due to lactoferrin, since the absorption
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band for L F is below 300 n m . It must therefore arise from chirality of the polypyrrole

chains partially induced by the attachment of the chiral lactoferrin protein. Interestingl
no optical activity was observed for the pH 3 and pH 5 prepared colloidal polypyrrole
particles. The greater induction of polymer chain chirality caused by lactoferrin at pH 7

is consistent with it having the most negative charge at this higher pH, giving it a great
capability of being incorporated as a dopant.

The CD spectra for the sterically stabilised colloidal PPy.LF particles were also
measured (Figure 3.9). The polypyrrole lactoferrin particles stabilised with alginic acid
revealed weak CD bands. This induced optical activity indicates that the lactoferrin must
have been incorporated at least in part into the polypyrrole chain, inducing chirality.
However, this colloid did not agglutinate upon the addition of antibody. The presence of
a stabiliser apparently shields the activity of the protein, as indicated by the lack of

optical activity for poly(vinylalcohol) stabilised colloidal polypyrrole lactoferrin which
showed no measurable CD bands (Figure 3.9).

Circular dichroism spectra were also measured for the PPy.LF/silica nanocomposite
samples after 30 min and 50 min polymerisation time. The 30 min sample exhibited a
weak CD signal (Figure 3.10) when measured immediately after sampling. Upon
standing overnight, no significant change in this CD spectrum was observed. However,
the induced optical activity in the colloid again indicated that the lactoferrin protein
must have been at least partly incorporated into the polymer backbone chain.
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Wavelength (nm)

Figure 3.8. Circular dichroism spectra of polypyrrole lactoferrin colloids prepared at
various pHs.

Wavelength (nm)

Figure 3.9. Circular dichroism spectra of polypyrrole lactoferrin colloids prepared with
and without steric stabilisers.
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Figure 3.10. C D spectra for PPy.LF/silica colloids after 30 min synthesis time, recorded
immediately after sampling and upon standing overnight.

(iii) Cyclic Voltammetery
Cyclic voltammetry was used to examine the electroactive nature of these polypyrrole
lactoferrin colloids. Cyclic voltammograms of dialysed colloids dispersed in aqueous
0.10 M N a N 0 3 were recorded from + 0.80 V to - 0.80 V (vs Ag/AgCl). A quasireversible response (Figure 3.11) typical of polypyrrole was obtained for colloidal
PPy.LF, with the anodic oxidation potential at 0.55 V (vs Ag/AgCl) and the cathodic
potential at 0.65 V (vs Ag/AgCl).

Upon the addition of antibody to lactoferrin (1.0 % (w/w)) to the above colloidal
dispersion, the remeasured cyclic voltammogram exhibited no electroactivity. This
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alteration in the electrical properties of the polymer presumably arises from an
interaction between the lactoferrin protein and its antibody.
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Figure 3.11. Cyclic voltarnrnogram for PPy.LF colloids in 0.10 M N a N 0 3 supporting
electrolyte (0.10 M pyrrole, 1 g/L lactoferrin, no added steric stabiliser, pH 3).

3.4. CONCLUSIONS

Electrohydrodynamic polymerisation has been successfully employed for the synthesis
of polypyrrole colloidal particles incorporating the biological dopant, lactoferrin. This
protein is effectively incorporated into the polymer chain while retaining biological
activity.

The optimum p H to maximise PPy.LF colloidal yield is p H 3. However, p H 7 is the
optimal pH for the incorporation of bioactive lactoferrin into the polypyrrole chain.
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Lactoferrin has the most negative charge at p H 7, hence its greater capability as a dopant
at this neutral pH than at the more acid pH 3 and 5 also examined.

The oxidation of the pyrrole monomer in the presence of lactoferrin results in the
production of stable colloidal particles without the need for a steric stabiliser.
Consequently, lactoferrin must be acting as the stabiliser for the forming polypyrrole.
The use of the commercial stabilisers poly(vinylalcohol) and alginic acid for PPy.LF
colloidal production hinders the biological activity of the protein dopant. Presumably,
the stabiliser competes with the lactoferrin for incorporation into the polymer chain,
hence the concentration of protein incorporated into the polypyrrole chain is lower.
Consequently, the biological activity of the PPy.LF colloid produced is reduced.

In summary, electrochemical polymerisation allows the incorporation of unusual
dopants such as proteins into polypyrrole, whilst retaining the properties of the dopant.

In the next chapter, the incorporation of the simpler chiral dopant, (+)-10camphorsulfonic acid, into polyaniline is explored, to determine whether optically active
polyaniline colloids can be thereby produced.
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CHAPTER 4
Electrochemical Preparation of Chiral
Polyaniline Sterically Stabilised Colloids

4.1. INTRODUCTION

Recently, there has been considerable interest in the development of alternative
processing methods for chiral conducting polymers, owing to their potential as chiral
electrodes in asymmetric electrochemical synthesis or as electroactive membranes/ionexchange materials for the separation of enantiomeric anions. Most of the studies on
chiral conducting polymers to date have concentrated on chiral polypyrroles1"4 and chiral
polythiophenes5"9. These chiral polymers were obtained via the covalent substitution of
a chiral functional group in the 3-position of the heterocyclic ring or on the pyrrole N
atom prior to polymerisation. This substitution results in a significant decrease in the
conductivity of thefinalpolymer. Also the attachment of a functional group requires an
additional synthetic step prior to polymerisation, which is usually costly and tedious.

In 1994, the first synthesis of chiral polyanilines was reported by our laboratories,
where chirality w a s induced in the polyaniline chains by the incorporation of a chiral
dopant anion. Optically active polyaniline salts were potentiostatically deposited as
films in which the chiral dopants !_>-(+)- or l/.-(-)-camphorsulfonate ion (CSA~) were
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incorporated into the polyaniline chain during the electropolymerisation of the aniline
monomer. Green films of the emeraldine salts PAn.(+)-HCSA and PAn.(-)-HCSA were
deposited on indium-tin-oxide coated glass at constant potential of +1.1 V (vs
Ag/AgCl). Strong circular dichroism (CD) bands were observed for these films in the
visible region, which may be attributed to the induction of chirality into the polymer
backbone chains. The dopant CSA" ions, in contrast, exhibit only CD bands in the uv
region.

Optically active polyaniline camphorsulfonic acid (PAn.HCSA) colloidal dispersions
have also been recently prepared electrochemically. These colloidal chiral materials
11 19

were stabilised using poly(ethyleneoxide)

and poly(styrenesulfonate)

as steric

stabilisers. In the present chapter, the effect of varying the concentration of both the
poly(styrenesulfonate) (PSS) steric stabiliser and of added H2SO4 on the stability of

these colloids and their chiroptical (uv-visible and circular dichroism spectra) properti
are investigated, and conclusions drawn as to the conformation of the polyaniline chains
in these colloidal polymers.

4.1.1. Aim of this Chapter
The main focus of this Chapter is on the production of chiral polyaniline
PAn.HCS A/PS S colloids with maximum optical activity whilst using the minimum
amount of poly(styrenesulfonate) (PSS) steric stabiliser.
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4.2. EXPERIMENTAL

4.2.1. Chemicals and Solutions

Freshly distilled aniline (BDH) was stored at -4°C prior to use. (lS)-(+) and (lR)-(-)
camphorsulfonic acid (HCSA) and sodium poly(styrenesulfonate) (PSS, MW 70,000)
were supplied from Aldrich Chemical Co. Aqueous solutions were prepared from
doubly distilled Milli-Q water.

4.2.2. Electrochemical Instrumentation
Potentiostatic control was maintained using an EG & G Applied Sciences
Potentiostat/Galvanostat Model 363.

The hydrodynamic electrochemical production of the PAn.HCSA/PSS colloids was
carried out in the three-compartment flow-through cell described in Chapter 2 (Figure
2.6). The anode, composed of reticulated vitreous carbon (RVC), was separated from
the two cathodes by an ion exchange membrane (Neosepta AMH) to stop the solutions
from mixing, in order to obtain better pH control. A flow rate of 40 mL/min was
employed to pump the two solutions into their respective compartments.
Electrosyntheses were carried out at a constant potential of 0.80 V (vs Ag/AgCl),
typically for 2 hours, with reaction samples withdrawn for spectroscopic analysis at
min intervals.
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4.2.3. Electrochemical Film Deposition
Electropolymerisation of the aniline monomer was carried out potentiostatically on
indium-tin-oxide (ITO) coated glass working electrodes. A copper mesh auxiliary
electrode and an Ag/AgCl reference electrode were employed in the three electrode

stationary cell. A potential of 1.1 V (vs Ag/AgCl) was applied with a total charge pas
of 140 mC/cm . The polymerisation solution consisted of 0.10 M aniline, 1.0 M (IS)-

10-(+)-camphorsulfonic acid, 0.25 M sulfuric acid and the appropriate steric stabilise
(PSS) concentration (1-10 g/L) in a total volume of 10 mL.

4.2.4. Electrohydrodynamic Colloid Synthesis

The electropolymerisation solution for initial studies of the electrosynthesis of PAn.(
HCSA/PSS and PAn.(-)-HCSA/PSS colloids consisted of 0.20 M aniline, 0.25 M

sulfuric acid, 0.20 M (+)-or (-)-HCSA and the appropriate PSS concentration in a tota
volume of 100 mL. In later studies, sulfuric acid was eliminated from the mixture and
the concentration of HCSA was increased to 1.0 M. The auxiliary solution (catholyte)
contained 1.0 M NaN03 in each case.

4.2.5. Spectroscopic Studies

The uv-visible spectra of the potentiostatically deposited films and colloidal reactio
aliquots were measured over the range 300 to 1100 nm using a Shimadzu UV 1601
spectrophotometer (after dilution by a factor of 5 for the colloidal samples prepared
sulfuric acid, and a factor of 30 for those prepared without sulfuric acid). Circular
dichroism (CD) spectra on the same samples (in a 1 cm quartz cell) were recorded using
a Jobin Yvon Dichrograph 6 from 300 to 700 nm.
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The absorption at 740 n m was used as a measure of colloid production in some of the
electrosyntheses. Successive dilutions of a stock PAn.(+)-HCSA/PSS colloidal
dispersion showed that the absorption at 740 nm varied linearly with colloid
concentration.

4.2.6. Colloid Characterisation
The particle size and zeta potential for electrochemically produced PAn.(+)-HCSA/PSS
(10 g/L PSS) colloidal dispersions collected at 30 min intervals during synthesis were
recorded using a Zetasizer 3000 (Malvern Instruments).

4.2.7. Solid State Conductivity
The electrical conductivity of a pellet pressed from a clean, dried colloidal PAn.(+)HCSA sample prepared using 10 g/L PSS steric stabiliser was measured using the Van
der Pauw technique.

4.3. RESULTS AND DISCUSSION

4.3.1. Potentiostatic Deposition of PAn.(+)-HCSA Films
The effect of a poly(styrenesulfonate) (PSS) steric stabiliser on the preparation of
optically active polyaniline PAn.(+)-HCSA salts was initially investigated on a small
scale using a stationary cell. Films of mixed PAn.HCSA/HS04/PSS salts were

potentiostatically deposited at 1.1 V (vs Ag/AgCl) from a stock polymerisation solution
containing aniline, (+)-HCSA and H2S04 and varying concentrations of PSS steric
stabiliser (1, 3, 5 and 10 g/L). The initiation of polymerisation was noted by the
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appearance of the characteristic green colour of emeraldine salt. Higher P S S stabiliser
concentrations resulted in a decrease in the initial rate of polymerisation, which was
monitored by the charge consumed at the electrode.

This emeraldine salt formation was confirmed by the uv-visible spectra of the
transparent films grown (Figure 4.1). For all concentrations of PSS employed the uv-

visible spectra were typical of emeraldine salt, being similar to the spectra of PAn.(+
HCSA films previously potentiostatically deposited without PSS and H2SO4 present.10
A high wavelength polaron band at ca. 740 nm accompanied by a free carrier tail in the
near-infrared was observed in each case. This indicates that the polyaniline chains in
these PAn.(+)-HCSA/HS04/PSS films adopt a largely "extended" coil conformation,
with some "tight" coil polymer chains present.

However, a blue shift in the high wavelength polaron band was observed compared to
electrochemically deposited PAn.(+)-HCSA films. This polaron band for PAn.HCSA
films prepared without PSS and H2SO4 present occurs at 800 nm10, i.e. at ca. 60 nm
longer wavelength than observed here for the PAn.(+)-HCSA/HS04/PSS films. The

blue shift in the polaron band for the latter mixed films suggests a shorter conjugati
length for the polymer backbone chain compared to PAn.(+)-HCSA. This may arise
from structural complexity arising from the mixed dopants in the PAn.(+)HCSA/HSO4/PSS materials.

The CD spectra of the PAn.(+)-HCSA/HS04/PSS films (Figure 4.2) were also similar to
PAn.(+)-HCSA films previously electrochemically deposited with only (+)-HCSA as the
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dopant

(i.e. without any steric stabiliser or H 2 S 0 4 ) . For example, the film deposited in

the presence of 1 g/L PSS exhibited bisignate CD bands at ca. 400 and 460 nm

corresponding to the absorption band at ca. 420 nm, as well as a strong CD band at ca.
640 nm which is believed to be the lower component of the expected bisignate CD

signals associated with the high wavelength polaron absorption observed at ca. 740 nm

However, as with the absorption spectrum (Figure 4.1), a blue shift is seen for the CD
signal of the high wavelength polaron band compared to PAn.(+)-HCSA films. Again,
this is consistent with a shorter conjugation length for the mixed doped PAn.(+)HCSA/HSO4/PSS films.

The CD spectrum of the PAn.(+)-HCSA/HS04/PSS film deposited using a higher PSS

concentration of 3 g/L exhibited lower intensity and broader bands (Figure 4.2), whil
no optical activity was observed when [PSS] > 5 g/L. This is believed to be due to
competitive doping by the excess PSS", replacing the (+)-CSA~ dopant required to
induce chirality into the polyaniline chains.
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Figure 4.1. Uv-visible spectra of PAn.(+)-HCSA/HS04/PSS films electrochemically
deposited from aniline solutions containing 1.0 M (+)-HCSA, 0.25 M H2SO4 and
varying PSS concentrations.
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4.3.2. Electrohydrodynamic Polymerisation of P S S Stabilised Polyaniline Colloids
In subsequent studies, the preparation of colloidal dispersions of PAn.(+)HCSA/HSO4/PSS was examined using electrohydrodynamic polymerisation of aniline

in the flow-through cell described in Figure 2.6 (Chapter 2). The effect of sulfuric aci
and (+)-HCSA on the electrohydrodynamic polymerisation was monitored by uv-visible
spectroscopy. Earlier studies had shown PSS to be a useful steric stabiliser for
polyaniline salt colloids in the presence of H2SO4. The aim in the present study was to
establish the minimum concentration of PSS required for the preparation of stable
colloidal particles exhibiting maximum optical activity.

(i) Variation of PSS concentration
Various concentrations of PSS were used (while maintaining [aniline] = 0.20 M, [(+)HCSA] = 0.20 M, [H2S04] = 0.25 M) to examine the effect of the steric stabiliser on the
colloidal polyaniline salts obtained. An initial PSS concentration of 1 g/L resulted in
substantial emeraldine salt formation after 30 min polymerisation. However, after 60
min polymerisation extensive over-oxidation had occurred. This over-oxidation was

evident by the change in the appearance of the polymerisation solution, the initial gre
colour of emeraldine salt product being replaced with the characteristic purple colour
pernigraniline, the over-oxidation product of emeraldine salt. The uv-visible spectra
recorded for aliquots taken during synthesis (Figure 4.3) confirmed this behaviour. The
spectrum at 30 min was that of emeraldine salt with characteristic absorption bands at
375 nm and 740 nm, while at 60 min the long wavelength polaron band at 740 nm had
disappeared and a spectrum characteristic of pernigraniline was observed.

Ill

U p o n increasing the P S S concentration to 2 g/L, the over-oxidation product was once
again obtained after 60 min of synthesis. The P S S concentration was then increased
further to 3 g/L. Significantly at this concentration, emeraldine salt formation was
confirmed by uv-visible spectroscopy even after 2 hours of polymerisation (Figure 4.4).
The intensity of the characteristic absorption bands at 375 n m and 740 n m increased
progressively with polymerisation time from 30 to 120 min, indicating increasing
production of emeraldine salt. There was no evidence of polymer over-oxidation when
using this high concentration (3 g/L) of P S S steric stabiliser.

0.8

Wavelength (nm)

Figure 4.3. Uv-visible spectra of PAn.(+)-HCSA/HS04/PSS colloids recorded during
electrosynthesis (0.20 M (+)-HCSA, 0.25 M H 2 S 0 4 and 1 g/L PSS).
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Figure 4.4. Uv-visible spectra of PAn.(+)-HCSA/HS04/PSS colloids recorded during
electrosynthesis (0.20 M (+)-HCSA, 0.25 M H 2 S 0 4 and 3 g/L PSS).

(ii) Variation of(+)-HCSA concentration
In one polymerisation run the (+)-HCSA acid concentration was increased from 0.20 M
to 0.60 M , while employing a PSS concentration of 2 g/L and maintaining [H 2 S0 4 ] =
0.25 M . In this latter synthesis, over-oxidation occurred at an earlier time (30 min) than
the polymerisation with 0.20 M (+)-HCSA. However, the amount of colloid produced
was greater than that produced with 0.20 M (+)-HCSA, as determined from the intensity
of polaron band at 740 n m (Figure 4.5). Therefore, the higher concentration of
camphorsulfonic acid must increase the rate of aniline polymerisation.
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Figure 4.5. Uv-visible spectra of PAn.(+)-HCSA/HS04/PSS colloids recorded during
electrosynthesis (0.60 M (+)-HCSA, 0.25 M H 2 S 0 4 and 2 g/L PSS).

(iii) Electrosynthesis of PAn.(+)-HCSA/PSS colloids in the absence of sulfuric acid
Electrohydrodynamic synthesis of PAn.HCSA/PSS colloids was then carried out in the

absence of H2SO4. A concentration of 0.20 M (+)-HCSA was initially used for synthesis

of these emeraldine salts employing a PSS concentration of 3 g/L, based on the result

obtained in the above section. However, the over-oxidation product, pernigraniline, w
obtained from the onset of polymerisation, validated by the appearance of a 540 nm
band characteristic of pernigraniline and the absence of the emeraldine salt peaks.

Consequently, the concentration of HCSA was raised from 0.20 M to 1.0 M to maintain
a pH of less than 1 for the polymerisation solution. Uv-visible spectra of aliquots

recorded during synthesis confirmed emeraldine salt formation for the first 30 min of
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synthesis, while at 60 min the over-oxidation product pernigraniline was obtained.
Accordingly, the PSS concentration was elevated to 5 g/L. Again, emeraldine salt

formation was confirmed over the first 30 min of synthesis (Figure 4.6). However, afte

45 min of synthesis, the 720 nm polaron band of emeraldine salt was largely replaced b
the characteristic 540 nm band of pernigraniline, showing substantial over-oxidation.

CD spectra were also recorded for the above reaction samples (15, 30 and 45 min
electropolymerisation) after allowing them to stand overnight. The 15 min sample
showed no optical activity. However, the 30 min and 45 min samples showed
moderately intense, but markedly different, CD spectra (Figure 4.7).

The 45 min sample exhibited features similar to electrochemically deposited PAn.(+)HCSA/HSO4/PSS films (eg. Figure 4.2). This suggests a largely "extended" coil
conformation for the sample taken after 15 min polymerisation exhibited an additional
strong CD band at ca. 400nm and a shoulder at ca. 500 nm. These latter bands are

believed13 to be due to a "tight" coil polyaniline conformation. This suggests that at

stage of the polymerisation both polymer conformations are present. It is not known at
this stage why the "extended" coil conformation becomes more favoured after longer
reaction times under the above conditions.
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Figure 4.6. Uv-visible spectra of PAn.(+)-HCSA/PSS colloids recorded during
synthesis (using 1.0 M (+)-HCSA, 0.20 M aniline and 5 g/L PSS).
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Figure 4.7. Circular dichroism spectra of PAn.(+)-HCSA/PSS colloids from Figure 4.6
recorded after standing overnight.
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The P S S concentration was then raised further to 6 g/L. Uv-visible spectra of aliquots
withdrawn from the flow-through cell after various reaction times, (Figure 4.8)
confirmed the formation of colloidal emeraldine salt dispersions. The intensity of the
distinctive emeraldine salt peaks at 740 nm and 375 nm increased from 30 to 60 min
synthesis and then remained approximately constant to 90 min. However, further
electropolymerisation to 120 min resulted in over-oxidation of the emeraldine salt
dispersions, as shown by the disappearance of the 740 nm polaron band and the
appearance of a peak at ca. 530 nm attributable to pernigraniline.

Circular dichroism spectra of the 30, 60 and 90 min aliquots were recorded after
standing overnight, to allow time for the rearrangement required to produce chirality
the polymer chains. The CD spectra of these PAn.(+)-HCSA/PSS colloids exhibited
bisignate bands at ca. 400 and 480 nm corresponding to the absorption band at ca. 375
nm (Figure 4.9). The expected bisignate CD bands for the 740 nm polaron absorption
band could not be detected due to the high instrumental noise above 700 nm. As with

the absorption spectra, the intensity of the CD bands increased with increasing synthe
time from 30 to 60 min.
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Figure 4.8. Uv-visible spectra of PAn.(+)-HCSA/PSS colloids recorded during
electrohydrodynamic synthesis (using 1.0 M (+)-HCSA, 0.20 M aniline and 6 g/L PSS).
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Figure 4.9. Circular dichroism spectra of PAn.(+)-HCSA/PSS colloids from Figure 4.8
recorded after standing overnight.
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A final concentration of 10 g/L P S S was utilised for the emeraldine salt colloidal
production. The intensity of the absorption bands characteristic of emeraldine salt
colloidal product increased progressively with polymerisation time over a 90 min
period; further reaction to 120 min caused no additional product formation (Figure
4.10). Maximum emeraldine salt formation was achieved after 90 min (ca. 30 % yield
based on the reported extinction coefficient for PAn.HA dispersions at 430 nm.14 Only
extremely weak circular dichroism (CD) bands were observed for these colloidal
dispersions immediately after sampling. However, upon standing overnight the intensity
of the CD spectra increased markedly (Figure 4.11). This indicated that the optical
activity of the colloidal polyaniline salts arose from a rearrangement subsequent to the

initial doping process. The intensity of the characteristic bisignate bands at ca. 400 nm
and 480 nm increased significantly from 30 to 90 min polymerisation time.
Interestingly, a slight red shift of the higher of these bands (from 460 to 485 nm) also
occurred over the 30-90 min reaction interval, and a further red shift to ca. 505 nm had
occurred for the 120 min reaction sample. The origin of this red shift is uncertain, but
suggests an increase in the conjugation length of the polyaniline chains.

Comparison of the above results indicates that maximum optical activity was obtained
for the 90 min reaction sample using the highest PSS concentration of 10 g/L, despite
the potential competition between the PSS and the HCSA anions as dopants. Also, the
largest amount of colloidal emeraldine salt production was attained (based on the
intensity of the high wavelength polaron band of 740 nm) using this high amount of
steric stabiliser.
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Figure 4.10. Uv-visible spectra of PAn.(+)-HCSA/PSS colloids recorded during
synthesis (using 1.0 M (+)-HCSA, 0.20 M aniline and 10 g/L PSS).
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Figure 4.11. Circular dichroism spectra of PAn.(+)-HCSA/PSS colloids from Figure
4.10 recorded after standing overnight.

4.3.3. Characterisation
Colloid characterisations were carried out on the PAn.(+)-HCSA/PSS dispersion
prepared with 10 g/L of PSS steric stabiliser.

(i) Colloid Mass and Deposition
At the end of the polymerisation period (120 min) the colloidal dispersion formed was
centrifuged for 90 min at 49,000 rpm. The supernatant was decanted and the colloid
redispersed in water to remove any reactants and recentrifuged. This procedure was
repeated twice and the colloid was redispersed in a minimal amount of water and then
evaporated to dryness using a vacuum rotary evaporator at 40 ° C. This dispersion gave
0.14 g of dried colloid (15 % yield) and a further 0.5 lg of emeraldine salt (54 %) was
recovered from the RVC working electrode.

(ii) Colloidal Particle Size and Charge
The size of the polyaniline PAn.(+)-HCSA/PSS colloids was found to increase
progressively with polymerisation time (Table 4.1). The counter rate, a measure of the
number of particles in the dispersion, increased slightly between 30 min and 60 min
synthesis time. Conversely, the particle size showed a considerable increase. These
findings indicate that after 30 min the colloidal growth occurs at already existing
particles. For the 90 min reaction sample, the counter rate increased substantially

indicating the formation of new particles, accompanied also by an increase in size. Aft
90 min, a slight increase in counter rate and particle size occurred.
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The zeta potential per normalised surface area increased with time, however this is not

evident from the results presented in Table 4.1. The larger the particl

larger the surface area of the particle. Hence, the charge has a larger

around. This results in a thin double layer around the particle, thus d
potential.

Table 4.1. Particle size and zeta potential for PAn.(+)-HCSA/PSS colloids obtained
using 10 g/L PSS.
Time

Counter rate

_-<ave

Dynamic mobility

Zeta potential

(min)

KCps

(nm)

(cm2/SVA)

(mV)

30

4

251 ±45

-4.5 ±0.1

-57.1 ± 1.9

60

6

492 ± 55

-5.2 ±0.1

-65.5 ± 0.9

90

22

682 ± 20

-4.1 ±0.0

-51.8 ±0.2

120

28

775 ± 24

-4.4 ± 0.0

-55.1 ±0.3

(iii) Solid State Conductivity

The conductivity of a pellet pressed from the clean dried colloidal dis
reaction time) was found to be 0.3 Scm"1.

4.4. CONCLUSIONS

Optically active polyaniline colloids incorporating chiral (+)-10-camph

dopant anions have been successfully prepared by electrohydrodynamic po

of aniline in the presence of PSS as steric stabiliser. This hydrodynam

synthesis utilising a flow-through cell to produce stable colloidal par
advantages over chemical oxidation, including the fact that the chiral
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does not have to compete with the anion form of the oxidant used to initiate chemical
polymerisation.

Nevertheless, the presence of the PSS anion as steric stabiliser was found to compete
with the chiral dopant and hence reduce the optical activity of the emeraldine salts.
H2SO4 which was initially used to aid polymerisation was found to accelerate the rate of
polymerisation; however it also acts as a dopant producing a mixed-doped emeraldine
salt, PAn.(+)-HCSA/HS04/PSS.

Sufficient concentration of PSS steric stabiliser had to be utilised for production of
stable emeraldine salts. A PSS concentration of < 6 g/L resulted in over-oxidation after
60 min of electropolymerisation. The highest PSS stabiliser concentration studied of 10
g/L produced stable emeraldine salt colloids with maximum optical activity.

In conclusion, optically active PAn.(+)-HCSA/PSS colloidal dispersions can be
successfully prepared electrochemically under hydrodynamic conditions. The steric
stabiliser required to induce colloidal stability also acts as a dopant, competing with

chiral dopant (+)-HCSA which is required to induce chirality into the polyaniline chains.

In order to overcome this problem of dopant competition, in the next Chapter the
preparation of emeraldine salts using colloidal silica particles as dispersant is
investigated.
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Chapter 5
Electrochemical Preparation of Chiral
Polyaniline Silica Nanocomposites

5.1. INTRODUCTION

This Chapter reports the preparation of optically active polyaniline camphorsulfonic
acid ( H C S A ) colloids using silica as the dispersant in the absence of a steric stabiliser.
The electrohydrodynamic polymerisation of aqueous aniline/(+)-HCSA and aniline/(-)H C S A mixtures was investigated in the presence of a fine (20 n m ) silica dispersant, to
avoid the competitive doping between P S S " and C S A ~ anions w h e n using the
poly(styrenesulfonate) stabiliser described in the previous Chapter.

Armes et al.1"4 have shown that polypyrrole and polyaniline colloids can be successfully
prepared using colloidal silica as a dispersant. T h e colloids had a relatively low
percentage of conducting polymer (-38 % ) but exhibited reasonable conductivity. Zeta
potential measurements 3 suggested that stabilisation was achieved by the formation of
"raspberry" morphologies with the inorganic oxide on the outer layer. Silica
nanocomposites containing polyanilines had particle sizes in the range 300-600 n m and
typical conductivities of about 6 x IO"2 Son" 1 . T h e colloids also showed significant
microporosity5"6.
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The n e w chiral polyaniline colloids obtained in the present Chapter m a y have future

potential as novel materials for the asymmetric synthesis of chiral chemicals and for
ion-exchange separation of chiral anions.

5.1.1. Aim of this Chapter
The principle aim of this Chapter is the production of chiral polyaniline
camphorsulfonic acid (PAn.HCSA) colloids with maximum optical activity and
stability, using silica as a dispersant instead of conventional steric stabilisers.

5.2. EXPERIMENTAL

5.2.1. Chemicals and Solutions

Freshly distilled aniline (BDH) was stored at -4° C prior to use. (1S>(+)- and (lR)-(10-camphorsulfonic acid (HCSA) were purchased from Aldrich Chemical Co. Ludox
HS-40 40 % (w/w) colloidal silica with an average particle diameter of ca. 20 nm was
supplied by Dupont Ltd. Aqueous solutions were prepared using deionised Milli-Q
water.

5.2.2. Electrochemical Instrumentation
Preliminary electrochemical studies of colloidal PAn.(+)-HCSA/silica formation were
carried out using a rotating electrode system (636, Princeton Applied Research).
Polymerisation of an aqueous 0.20 M aniline/1.0 M (+)-HCSA solution containing

colloidal silica was performed under potentiostatic and galvanostatic conditions usin
potential of 1.0 V (vs Ag/AgCl) or a current of 5.0 mA/cm2, respectively.
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The hydrodynamic electrochemical production of the PAn.HCSA/silica colloids was
carried out in the three compartment flow-through cell shown in Figure 2.6, Chapter

The anode, composed of reticulated vitreous carbon (RVC), was separated from the two
cathodes by an ion exchange membrane to stop the solutions from mixing, in order to
obtain better pH control. A Neosepta AMH A-2119 membrane was generally employed.
However, in one instance a Nation membrane was used for comparison. A flow rate of
40 mL/min was employed to pump the anolyte and catholyte solutions into their
respective compartments. Potentiostatic control was maintained using an EG & G
Applied Sciences Potentiostat/Galvanostat Model 363.

5.2.3. Chemical Polymerisation of PAn.HCSA/Silica Colloids
Chemical polymerisation was carried out according to the methodology described by
Stejskal at al.7 Aniline (0.20 M) was added to a 10 mL solution containing ammonium

persulfate (0.20 M), (+)- or (-)- HCSA (1.0 M) and a total of 0.50 g colloidal sili
40, 40 % (w/w)) in the final volume. The reaction mixture was maintained at 0° C in
ice bath for the polymerisation duration of 1 hour.

5.2.4. Electrohydrodynamic Polymerisation of PAn.HCSA/ Silica Colloids
A typical electropolymerisation (anolyte) solution for the formation of PAn.(+)-

HCSA/silica and PAn.(-)-HCSA/silica colloids consisted of aniline (0.20 M), colloid

silica (12.5 mL of a 40 % (w/w) solution) and (+)- or (-)-HCSA (1.0 M) in a total
volume of 100 mL. The auxiliary solution (catholyte) contained 1.0 M NaN03.
Synthesis was carried out at a constant potential of 0.80 V (vs Ag/AgCl) typically

hours, with reaction samples withdrawn for spectroscopic analysis at 30 min interval
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In other polymerisations the concentrations of (+)-HCSA and silica were systematically
varied.

5.2.5. Spectroscopic Studies
The uv-visible spectra of reaction aliquots were measured over the range 300 to 1100
nm using a Shimadzu UV 1601 spectrophotometer (after dilution by a factor of 30).
Circular dichroism (CD) spectra on the same samples were recorded using a Jobin Yvon
Dichrograph 6 from 300 to 700 nm. The CD spectrum could not be recorded at longer
wavelengths than 700 nm due to the high absorption of the samples in this region.

5.2.6. Colloid Characterisation
The particle size and zeta potential for electrochemically produced PAn.(+)HCSA/silica colloidal dispersions were recorded using a Zetasizer 3000 (Malvern
Instruments). Transmission electron micrographs (TEM) were performed on a PAn.(+)-

HCSA/silica colloid prepared using 10 % (w/w) silica after dialysis and vacuum drying
onto a 300 mesh lacey carbon (Type A) TEM grid (Pelco Int.), using a Jeol 2000 (80
KV) electron microscope.

5.2.7. Elemental Analysis
The chemical composition of the PAn.HCSA/silica colloids was determined via
thermogravimetric analysis. Thermogravimetric analyses on the PAn.(+)-HCSA/silica
colloids prepared using both 5 % (w/w) and 10 % (w/w) silica were carried out on a
Perkin-Elmer TGA-7 using a heating rate of 40° C/min in air.
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5.2.8. Solid State Conductivity
The electrical conductivity of pellets pressed from dialysed and dried PAn.(+)HCSA/silica colloids were measured using the Van der Pauw technique.

5.2.9. Chemical Reactions on PAn.(+)-HCSA/silica Colloids
The dialysed, chiral PAn.(+)-HCSA/silica colloids were diluted by a factor of 30 in
water and their uv-visible and circular dichroism (CD) recorded. Their reduction,
oxidation and alkaline de-doping were then examined as outlined below.

Reduction
To 5 mL of the diluted colloidal dispersions hydrazine dihydrate was added to give

[N2H4] = 1.0 M. The mixtures were stirred and their uv-visible and CD spectra recorded
after 10 min and then measured periodically over 24 hr.

Oxidation
To 5 mL of the diluted colloidal dispersions sufficient solid ammonium persulfate was
added to give [S2O8 ~] = 0.10 M. The mixtures were stirred and their chiroptical
properties recorded after 10 min and then monitored over 24 hrs.

Alkaline De-doping
De-doping of the diluted colloidal dispersions was studied employing 0.30 M KOH.
Their uv-visible and CD spectra were measured after 15 min of alkaline treatment and
then periodically over 24 hr.
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5.3. RESULTS AND DISCUSSION

5.3.1. Preliminary Electrochemical Studies

The effect of colloidal silica on the electropolymerisation/deposition of polyaniline wa
initially investigated under static and hydrodynamic control using a rotating platinum
electrode (see Experimental).

With galvanostatic (controlled current) polymerisation, rotation of the electrode
increased the potential required to sustain monomer oxidation (Table 5.1). This can be
attributed to removal of the monomer and oligomer intermediates from the electrode
reaction zone before effective polymerisation can occur. It was found that during

potentiostatic (constant potential) polymerisation in the presence of colloidal silica t
charge consumed decreased when rotation of the electrode was introduced (Table 5.2).

This provides further confirmation that the use of silica as stabiliser mitigates against
deposition of polymer on the electrode. Hence, conditions can be manipulated to prevent
deposition and promote particle formation by altering the stabiliser and hydrodynamic
conditions employed.
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Table 5.1. The effect of stabiliser and rotation rate on the potential required to sustain
aniline oxidation during galvanostatic polymerisation.
Polymerisation/deposition potential (V)
Rotation rate

No added

Silica (HS-40)

Silica (HS-40)

(rpm)

stabiliser

5 % (w/w)

10 % (w/w)

0

0.71

1.05

1.05

1000

1.68

1.15

1.10

Conditions: aqueous 0.20 M aniline, 1.0 M (+)-HCSA, platinum electrode, current
density 0.10 mA/cm2, polymerisation time 60 sec.

Table 5.2.

Effect of stabiliser and rotation rate on the charge passed during

potentiostatic polymerisation of aniline.
Charge consumed (mC) for first 60 seconds
Rotation rate

No added

Silica (HS-40)

Silica (HS-40)

(rpm)

stabiliser

5 % (w/w)

1 0 % (w/w)

0

11.3

10.8

7.0

1000

13.3

5.3

4.7

Conditions: aqueous 0.20 M aniline, 1.0 M (+)-HCSA, platinum electrode, deposition
potential +1.0 V (vs Ag/AgCl).

5.3.2. Chemical Polymerisation
The chemical polymerisation of aniline was investigated using (+)- and (-)-HCSA as
dopant, colloidal silica as a dispersing agent and ammonium persulfate as oxidant. The
characteristic green colour of emeraldine salt appeared and after 1 hour of
polymerisation large aggregates were observed. An attempt to filter the solution through
a 0.25 uJL cellulosefilterwas unsuccessful, indicating the presence of large particles.
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The uv-visible spectra of the dispersions following polymerisation showed absorption
bands at 740, 430 and 375 nm which are distinctive of protonated emeraldine salts
(Figure 5.1). The circular dichroism (CD) spectra of the enantiomeric PAn.(+)-HCSA

and PAn.(-)-HCSA colloids shown in (Figure 5.2), revealed only weak optical activity.

This low optical activity is probably due to using ammonium persulfate as the oxidis
agent. The reduced form of the oxidant, HS04~, could compete as a dopant with the
chiral (+)- or (-)-CSA- anions, resulting in a mixed dopant system. This competition
would reduce the amount of chiral (+)- or (-)-CSA- anion incorporated, which is the
agent inducing chirality in the polymer backbone.

The CD spectra for the PAn.(+)-HCSA/silica and PAn.(-)-HCSA/silica colloids were
mirror images, indicating enantioselectivity in the induction of chirality in the
polyaniline chains.
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Figure 5.1. Uv-visible spectrum of a chemically prepared PAn.(+)-HCS A/silica colloi
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Figure 5.2. Circular dichroism spectra of chemically prepared PAn.HCSA/silica
colloids.

5.33. Electrochemical Polymerisation in the Presence of Sulfuric Acid
The presence of sulfuric acid increased the rate of polymerisation, as reported by
Stejskal et al.7 for chemical polymerisation. They reported that the polymerisation
induced in acidic media was completed within 20-30 min, while that in water took 1
hour for complete polymerisation.

The hydrodynamic electropolymerisation of aniline was initially carried out in the
presence of sulfuric acid (0.25 M ) as well as the chiral dopant acid, (+)-HCSA or (-)H C S A . T h e polymerisation w a s monitored using uv-visible and C D spectroscopy.
Aliquots of 5 m L were removed from the reaction mixture at 30 min intervals, diluted
(by a factor of 30) and their spectra recorded immediately to avoid any change in
properties upon standing. The uv-visible spectra (Figure 5.3) showed the typical features
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of emeraldine salt with the characteristic 720 and 375 n m absorption bands. After 60
min electropolymerisation the absorbance at these wavelengths reached a maximum,

with no further increase observed at 90 min. This indicated that the polymerisation to
emeraldine salt was complete after 1 hour. The acid was noted to affect only the rate
polymerisation and not the colloidal properties of the polymer product.

The CD spectra of reaction aliquots immediately after sampling exhibited no optical

activity for the 30 min sample and very little activity for the 60 and 90 min samples.
However, when these samples were allowed to stand overnight, the remeasured CD
spectra had increased markedly in intensity (Figure 5.4). Two bisignate CD bands were
observed at 405 and 465 nm, which correspond to the PAn.(+)-HCSA absorption band
at 375 nm. These bands are due to chirality in the polymer chain and not the (+)-HCSA
dopant, since the CD bands for (+)-HCSA are below 300 nm.

As with the PAn.(+)-HCSA/PSS colloids prepared in the previous Chapter, the belated
appearance of optical activity in the PAn.(+)-HCSA/HS04/silica colloids may be
attributed to a slow rearrangement in the polymer backbone induced by the CSA" chiral

dopant anion. Ageing the samples for a further 24 hours increased the intensity of the
CD bands by another 2 mdeg. This rearrangement process is thus much slower than the
doping process itself which is complete within the 60 min synthesis time.

The 30 min sample exhibited only weak CD signals, while the samples taken at 60 and
90 min had moderate and almost the same optical activity, due to no further

polymerisation after 60 min (Figure 5.4). Bisulfate ions from the sulfuric acid used t
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aid polymerisation presumably compete with the chiral (+)-HCSA dopant as a dopant,
thereby reducing the optical activity of the PAn.(+)-HCSA/HS04/silica product.
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Figure 5.3. Uv-visible spectra of PAn.(+)-HCSA/HS04/silica colloids recorded during
electrosynthesis (0.20 M aniline, 1.0 M (+)-HCSA, 0.25 M H 2 S 0 4 , 5 % (w/w) silica).
12

Figure 5.4. Circular dichroism spectra for PAn.(+)-HCSA/HS04/silica colloids from
Figure 5.3 recorded after standing overnight.
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53A. Electrosynthesis of Silica Stabilised Polyaniline Colloids in the Absence of
Sulfuric Acid
To avoid competitive doping of the polyaniline formed by the HS04- anion, subsequent
electrosynthesis was carried out using only (+)- or (-)-HCSA as the acid in the
polymerisation solution.

The uv-visible spectra of aliquots (5 mL) removed from the reaction mixture from 30 to
120 min showed the typical features of an emeraldine salt, with a progressive increase
the characteristic absorption bands at ca. 720 and 375 nm (Figure 5.5) with
polymerisation time. This indicates emeraldine salt formation even after 2 hours of
synthesis. At 30 min of electrosynthesis the uv-visible spectrum exhibited a polaron

band at ca. 720 nm accompanied by a free carrier tail in the near-infrared region. This
suggests a mixture of "compact" coil and "extended" coil conformations for the
polyaniline chains in the PAn.HCSA/silica colloids formed. However, this free carrier

tail was reduced relative to the 720 nm band after 60 min of synthesis, indicating that

extended polymerisation time results in less of the polymer being in the "extended" coi
conformation.

Using the extinction coefficient reported8 for PAn.HA dispersions at 430 nm,
conversion of aniline monomer to polyaniline was calculated to be ca. 90 % complete

after 120 min reaction. The electropolymerisation of aniline using silica as the collo
dispersant is therefore considerably more efficient than that observed in the previous
Chapter using poly(styrenesulfonate) (PSS) as steric stabiliser.
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Figure 5.5. Uv-visible spectra of PAn.(+)-HCSA/silica colloids recorded during
electrosynthesis (0.20 M aniline, 1.0 M (+)-HCSA and 5 % (w/w) silica).

CD spectra recorded for these reaction aliquots immediately after sampling and after
standing 4 hr showed little optical activity. However, as with the colloids examined

earlier, the optical activity increased markedly over 24 hr. The CD spectra of the ag
aliquots (Figure 5.6) showed bisignate bands at 405 and 465 nm associated with the
absorption band at 375 nm. These visible region CD bands must be again due to the

chirality of the polymer chain and not the chiral (+)-HCSA or (-)-HCSA dopant acids,
since the latter only have CD bands below 300 nm. The CD spectra for the PAn.(+)HCSA/silica and PAn.(-)-HCSA/silica dispersions were mirror imaged (Figure 5.6),
indicating enantioselectivity during the chiral induction that occurs subsequent to
initial acid doping.
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The induced optical activity increased markedly with increasing polymerisation time
over 9 0 min (Figure 5.6), consistent with the increasing amount of emeraldine salt
formed. However, a decrease in optical activity occurred for the 120 min aliquot. This
m a y result from the silica particles being completely coated with polymer after 90 min,
causing further polymerisation to lead to over-oxidation. However, this is not evident
from the uv-visible spectrum.

Wavelength (nm)

Figure 5.6. Circular dichroism spectra for the PAn.(+)-HCSA/silica and PAn.(-)HCSA/silica colloids from Figure 5.5 recorded after standing overnight.

Influence of silica concentration
W h e n the colloidal silica concentration was doubled to 10 % (w/w), similar (but slower)
growth of PAn.(+)-HCSA/silica colloids was observed by uv-visible spectroscopy
(Figure 5.7). However, the optical activity of the polyaniline colloid formed after 120
min reaction (Figure 5.8) did not show the subsequent decrease in optical activity
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observed above using 5 % (w/w) silica as dispersant. Doubling the silica concentration
presumably ensures that after 120 min of polymerisation there is an excess of silica
particles present. This excess silica would help stabilise the polymer-coated silica
particles, preventing over-oxidation that leads to degradation of the polymer.

Significantly, the intensity of the optical activity of the PAn.(+)-HCSA/silica colloid
prepared in 10 % (w/w) silica was also ca. twice the nomalised intensity (Ae/e) of that
grown in 5 % (w/w) silica (see Figures 5.6 and 5.8).
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Figure 5.7. Uv-visible spectra of PAn.(+)-HCSA/silica colloids recorded during
electrosynthesis (0.20 M aniline, 1.0 M (+)-HCSA and 10 % (w/w) silica).
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Figure 5.8. Circular dichroism spectra for the PAn.(+)-HCSA/silica and PAn.(-)HCSA/silica colloids from Figure 5.7 recorded after standing overnight.

On the other hand, decreasing the silica concentration to 2.5 % (w/w) resulted in
immediate over-oxidation of the polyaniline upon attempted electropolymerisation,
presumably due to a deficiency of silica particles to stabilise the colloid formed. The
uv-visible spectrum did not show a polaron band at ca. 750 n m , indicating the absence
of emeraldine salt in the dispersion. Instead, a peak near 540 n m was observed typical of
over-oxidation products. These degraded solutions also exhibited no optical activity.

Influence of dopant acid concentration
Various concentrations of (+)-HCSA (0.20 - 2.0 M ) were used to examine the effect of
p H and dopant acid concentration upon colloid growth (using 5 % (w/w) silica in each
case). The lower (+)-HCSA concentrations of 0.25 and 0.50 M led to over-oxidation,
perhaps because of the higher p H involved. In contrast, using [(+)-HCSA] = 1.0 M (pH
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~ 1) resulted in no over-oxidation of the polymer after 120 min of synthesis. A
polymerisation employing a mixture of 1.0 M (+)-HCSA and 0.25 M H2S04 was more
rapid, with maximum polymer formation achieved after only 60 min reaction time.
However, the CD spectrum of the colloidal polyaniline formed was less intense,
presumably due to competition between the HS04~ and (+)-CSA~ anions as dopants.

Interestingly, using 2.0 M (+)-HCSA as dopant led to a striking conformational chang
for the PAn.(+)-HCSA/silica colloids produced. The uv-visible spectra recorded
immediately for aliquots withdrawn after 30 and 60 min reaction times revealed both
localised polaron absorption band at ca. 730 nm and a further broad peak at ca. 930
(Figure 5.9). The intensity of the 730 nm band decreased with longer polymerisation
times and was absent for the 120 min sample. After standing for 4 hours the 730 nm
band had also disappeared for the 60 min sample (Figure 5.10), which exhibited only

broad band at ca. 1050 nm. These observations suggest that a change from a "compact"

coil to an "extended" coil conformation occurs with time for the colloidal polyanil

products. The 120 min sample did not show a significant change with time, possibly d
to the long polymerisation time which resulted in an "extended" polymer backbone
chain conformation.
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Figure 5.9. Uv-visible spectra of PAn.(+)-HCSA/silica colloids recorded during
electrosynthesis (0.20 M aniline, 2.0 M (+)-HCSA and 10 % (w/w) silica).

0.5 -

0 J 1 1 : 1 1 1 1 1
320
420

520

620

720

820

920

1020

Wavelength (nm)

Figure 5.10. Uv-visible spectra of the 60 min sample from Figure 5.9 as a function of
time.
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This conclusion was supported by circular dichroism studies. C D spectra recorded for
aliquots immediately after sampling from the polymerisation reaction showed weak
bisignate signals around 450 n m typical of "compact coil" polyaniline salts. However,
after standing overnight the C D spectra (Figure 5.11) were distinctly different from
those observed using 1.0 M

(+)-HCSA (e.g. Figure 5.8), but similar to those of

"extended" coil polyaniline salts that w e have reported elsewhere9 in organic solvents.
The circular dichroism spectrum of the 60 min sample was monitored over a period of 4
hours. The significant changes seen with time (Figure 5.12) confirmed the uv-visible
spectra data indicating that the polyaniline chains undergo a change in conformation
with time.

Wavelength (nm)

Figure 5.11. Circular dichroism spectra for PAn.(+)-HCSA/silica colloids from Figure
5.9 recorded after standing overnight.
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Figure 5.12. Circular dichroism spectra for the 60 min sample of PAn.(+)-HCSA/silica
colloid as a function of time (0.20 M aniline, 2.0 M (+)-HCSA and 10 % (w/w) silica).

Influence of the ion exchange membrane
Modifying the flow cell by replacing the Neosepta ion exchange membrane with a
Nation membrane increased the rate of polymerisation for both 5 % and 10 % (w/w)
silica dispersions. Electrosynthesis was nearly complete in 90 min for both 5 % (w/w)
and 10 % (w/w) silica, as shown by the disappearance of 90 and 95 % respectively, of
the aniline monomer (by H P L C ) . Somewhat lower yields of PAn.HCSA/silica colloids
were estimated (Table 5.3) using the extinction coefficient by Stejskal8 for PAn.HCl
colloids.

The uv-visible spectra showed a progressive increase in the absorption bands
characteristic of emeraldine salt, as shown in Figure 5.13 for 5 % (w/w) silica. Uvvisible spectra recorded for the 10 % (w/w) silica electrosynthesis run showed a similar
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but faster polymerisation. Unlike PAn.HCSA/silica colloids prepared using a Neosepta
membrane, the intensity of the polaron peak at 720 nm was lower than the free carrier

tail peak at 980 nm. This indicated that a higher ratio of the polyaniline polymer was i
the "extended" coil conformation rather than the "tight" coil conformation.

The colloids produced also developed more intense circular dichroism spectra after 24
hr (Figures 5.14 and 5.15). The optical activity for the 5 % (w/w) sample was much

higher than the 10 % (w/w) silica, possibly due to the slower polymerisation rate in the
former case. Fast synthesis does not allow for efficient dopant incorporation which is
responsible for the induction of chirality in the polymer chains. The lower silica
concentration (5 % (w/w)) gave considerably higher optical activity than for
PAn.HCSA/silica colloids prepared using a Neosepta membrane. The enhanced chiral
induction using Nafion as membrane may be due to it being a cation exchanger. Unlike
Neosepta, which is an anion exchanger, it should not exchange chiral CSA~ dopant ions
in the anode compartment with achiral N03~ anions from the auxiliary electrode
compartment.

The cationic Nafion exchange membrane was the most efficient for colloid production,
with 80 % of monomer converted to polymer in 90 min of synthesis (Table 5.3). The
higher silica concentration (10 % (w/w)) gave a higher chemical yield, possibly due to
the presence of a sufficient silica concentration to stabilise the forming colloidal
particles.
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The Nafion m e m b r a n e was also the most efficient for synthesis of emeraldine salt
colloids with maximum optical activity. The highest chiral anisotropy factor (Ae/e at
450 nm) of 0.11 was obtained for the emeraldine salt colloids obtained using a colloidal
silica concentration of 5 % (w/w). This value is about twice that obtained using the
Neosepta membrane indicating a higher percentage of optically active product.

Employing a Neosepta membrane, a low chiral anisotropy factor (Ae/e) of 0.028 was
calculated for the 90 min reaction sample, using 5 % (w/w) silica. An insignificant
increase in the chiral anisotropy factor (Ae/£ = 0.030) at 450 nm was obtained after 2 hr

of polymerisation. This might be due to the lower concentration of silica particles, hence
after 90 min of synthesis the polymer deposits on silica particles already coated with
polymer. This results in a thicker coating of polyaniline onto the silica particles. The
subsequent rearrangement of the polyaniline chains is hindered resulting in a lower
proportion of the optically active polymer. Also an overlayer of silica particles is
required to stabilise the silica nanocomposites; the lower (5 % (w/w)) concentration of
silica might not allow for this excess silica particles.

Increasing the silica concentration to 10 % (w/w) resulted in a higher chiral anisotropy
factor at both 90 and 120 min of electrosynthesis. The higher concentration of silica
resulted in a slower polymerisation, since there are more particles for the polymer to
coat. Also a thinner loading of polymer might allow for more efficient rearrangement of
the polyaniline chains. Therefore, a higher percentage of the polyaniline chains become
optically active.

147

The Nafion membrane gave the highest chiral anisotropy factor of 0.11 for the 5 %

(w/w) silica concentration. In this instance, the lower concentration of silica re
slower polymerisation than the 10 % (w/w) silica concentration. This allows ample
for the polyaniline chains to re-arrange into an asymmetric form inducing optical
activity. The reason for the slower polymerisation whilst using a lower silica
concentration is not known.

Table 5.3. Effect of exchange membrane type on the colloid yield and optical activity.
Run

Membrane

1
2
3
4
5
6

% Silica

Reaction time

Ae/e

Chemical

(w/w)

(min)

(%)

yield*

5
5
10
10
5
10

90
120
90
120
90
90

0.028

66
80
43
55
60
80

Neosepta
Neosepta
Neosepta
Neosepta
Nafion

0.030
0.043
0.067
0.11

Nafion
0.036
calculated using Stejskal's extinction coefficient for PAn.HCl colloids.
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Figure 5.13. Uv-visible spectra of PAn.(+)-HCSA/silica colloids recorded during
electrosynthesis (0.20 M aniline, 1.0 M (+)-HCSA, 5 % (w/w) silica and Nafion
membrane).
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Figure 5.14. Circular dichroism spectra for PAn.(+)-HCSA/silica and PAn.(-)HCSA/silica colloids from Figure 5.13 recorded after standing overnight.
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Figure 5.15. Circular dichroism spectra for PAn.(+)-HCSA/silica and PAn.(-)HCSA/silica colloids recorded after standing overnight (1.0 M (+)-HCSA, 10 % (w/w)
silica and Nafion membrane).
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5.3.5. Redox Reactions of PAn.(+)-HCSA/siIica Colloids

Further exploration into the chemistry and chiroptical properties of these novel c
polymers was carried out. Their chemical reduction and oxidation with hydrazine

hydrate (N2H4.H2O) and (NLLt^SaOg, respectively, as well as their de-doping with KO
were examined. As with previous studies10 on electrochemically deposited PAn.(+)-

HCSA and PAn.(-)-HCSA films, it was anticipated that these treatments would lead to

novel, optically active colloidal forms of leucoemeraldine base (LB), pernigranilin
(PB) and emeraldine base (EB), as depicted in Scheme 1.

.n
Leucoemeraldine Base
(Yellow)

Scheme 1
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It is well established that emeraldine salt (ES) can generally be readily oxidised or
reduced to give leucoemeraldine base (LB) or pernigraniline base (PB) forms, as well as
de-protonated to yield emeraldine base (EB) (Scheme 1). This has been observed with a
wide range of PAn.HA salt substrates10"14, including electrochemically generated films
of optically active PAn.(+)-HCSA and PAn.(-)-HCSA. Redox and alkaline treatment of

the latter films led to the first reported examples of optically active LB, PB and EB.10
Stejskal et al14 have also recently shown that achiral colloidal dispersions of PAn.HCl
stabilised with poly(vinylalcohol) can be readily reduced, oxidised and alkaline dedoped.

Unexpectedly, the present studies of the redox and de-doping behaviour of the PAn.(+)HCSA/silica colloids revealed remarkably different behaviour. Treatment of the
colloidal dispersions with either 1.0 M hydrazine or 0.10 M ammonium persulfate
showed that reduction to LB or oxidation to PB had largely proceeded (Figures 5.16 and
5.17). This was evidenced by the disappearance within 10 min of the localised polaron
band for the initial ES form of polyaniline at ca. 800 nm and the appearance of the
expected LB and PB product peaks at 335 nm and 530 nm, respectively. However, the
retention of a broad shoulder at ca. 750-800 nm indicated that a proportion of the
original ES remained unreacted. Remarkably, the CD spectrum of the initial PAn.(+)HCSA/silica colloid was quantitatively retained in each case (Figures 5.18 and 5.19),
despite the major changes to the uv-visible spectra. No further modification of the
absorption and CD spectra occurred over the next 24 hr.
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Figure 5.16. Uv-visible spectra of a dialysed PAn.(+)-HCSA/silica colloid (silica 5 %
(w/w) and 1.0 M (+)-HCSA) upon treatment with hydrazine.
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Figure 5.17. Uv-visible spectra of a dialysed PAn.(+)-HCSA/silica colloid (5 % (w/w)
silica and 1.0 M (+)-HCSA) upon treatment with ammonium persulfate.
152

Figure 5.18. C D spectra of a dialysed PAn.(+)-HCSA/silica colloid (5 % (w/w) silica
and 1.0 M (+)-HCSA) upon treatment with hydrazine.

Figure 5.19. C D spectra of a dialysed PAn.(+)-HCSA/silica colloid (5 % (w/w) silica
and 1.0 M (+)-HCSA) upon treatment with a m m o n i u m persulfate.
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Similarly, treatment of the emeraldine salt colloid with 0.30 M K O H for 15 min showed
major conversion to the expected emeraldine base (Xmax 590 nm, Figure 5.20), but had
no significant effect upon its CD spectrum, (Figure 5.21). Thus, the optically active

fraction of the ES in the colloid is inert to de-doping, even at pH values higher than 13
In contrast, the optically inactive ES component had undergone the usual facile alkaline
de-doping to give emeraldine base.

The remarkable chemical inertness of the optically active fraction of the PAn.(+)-HCSA
salt in the silica-stabilised colloids has significant implications. For example, such

optically active colloids, because of their ability to remain in the conducting emeraldi
salt form in oxidising, reducing and alkaline conditions, may be the conducting
materials of choice for applications where harsh chemical environments are
encountered.

The origin of their exceptional chemical inertness is currently uncertain, but may arise
from steric constraints associated with the inter- and intra-strand arrangements of the
polyaniline chains in the optically active components of the colloids. Alternatively, it
may indicate a much higher degree of crystallinity than in the optically inactive ES
fractions, which underwent facile redox and de-doping processes. In this respect, it is
interesting to note that Minto and Vaughan15 have recently reported that a film of
PAn.(+)-HCSA cast from m-cresol is more crystalline and has greater stereoregularity
than the corresponding racemic PAn.(±)-HCSA salt.
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Wavelength (nm)

Figure 5.20. Uv-visible spectra of dialysed PAn.(+)-HCSA/silica colloid (5 % (w/w)
silica and 1.0 M (+)-HCSA) upon treatment with potassium hydroxide.

Figure 5.21. C D spectra of dialysed PAn.(+)-HCS A/silica colloid (5 % (w/w) silica and
1.0 M (+)-HCSA) upon treatment with potassium hydroxide.
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5.3.6. Colloid Characterisation
PAn.(+)-HCSA/silica colloids formed using 1.0 M (+)-HCSA and a Neosepta
membrane showed very similar particle sizes with either 5 % or 10 % (w/w) silica as
dispersant (Tables 5.4a and 5.4b). These large particles, as suggested by Armes3, could
be due to the fusion of individual polymer-coated silica particles "glued" together by
conducting polymer component, since the individual silica particles were approximately
20 nm in diameter, (Figure 5.22). With both 5 % and 10 % (w/w) silica as dispersant,

the colloidal particle size increased with increasing polymerisation time, changing fro
ca. 300 nm after 30 min reaction to ca. 550 nm after 90 min polymerisation. In the case

of the colloid grown with 10 % (w/w) silica, a further increase in the average size (to
650 nm) occurred after 120 min reaction (Table 5.4b).

Figure 5.22. Individual silica particles (Ludox HS-40).
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Table 5.4. Particle size and zeta potential of PAn.(+)-HCS A colloids
(a) using 5 % (w/w) silica as dispersant.
Polymerisation

No. particles

time

/mL

Z a v e (nm)

(min)

Dynamic

Zeta

mobility

potential

(cm 2 /SVA)

(mV)

30

19

286 ± 23

-0.35 ± 0.02

-4 ± 0.3

60

6

480 ± 27

-1.35 ±0.03

-17 ±0.4

90

3

520 ± 25

-0.67 ± 0.02

-8 ± 0.3

120

2

940 ± 300

-0.32 ± 0.03

-9 ± 0.4

Dynamic

Zeta

mobility

potential

(cm 2 /SVA)

(mV)

(b) using 10 % (w/w) silica as dispersant.
Polymerisation

No. particles

time

/mL

Z a v e (nm)

(min)

30

15

318 ± 1 4

-0.3 ± 0.004

-3.7 ± 0.0

60

12

485 ± 13

-0.3 ± 0.007

-3.8 ±0.1

90

11

565 ± 13

-0.2 ± 0.03

-2.7 ±0.4

120

6

653 ± 28

-0.2 ± 0.02

-3.0 ±0.3

The colloidal dispersions prepared with both 5 % and 10 % (w/w) silica were very

stable, giving unchanged chiroptical properties after 3-4 months. This stability
from the presence of excess silica that provides a final overcoat supplying an

negative charge on the surface of the particles. The negative zeta potentials fo

above colloids are consistent with such a silica coating on the particles. Alter

the surface of the colloids may have a high concentration of negative CSA~ anion
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Dialysis of the colloidal dispersion (100 m L ) obtained using 10 % (w/w) silica and 1.0
M (+)-HCSA, followed by vacuum drying, gave 9.4g of dried PAn.(+)-HCS A/silica

colloid. Thermogravimetric analysis (to 900°C in air, Figure 5.23) indicated that thi
material contained ca. 22 % PAn.(+)-HCSA and 78 % silica. A small weight loss of 7 %
was observed at 100° C, attributed to the loss of adsorbed water. Heating to 400° C

resulted in a further loss of 9 %, presumably due to the release of the camphorsulfoni
acid dopant. A total loss of 22 % was noted at 800° C, which indicates a PAn.(+)-HCSA

content of 22 % which is similar to the PAn content reported by Gill and Terril et al.

for related colloids. A somewhat higher polyaniline content (38 % w/w) was obtained by
Stejskal et al.7 for PAn.HCl/silica colloids prepared by chemical oxidation of 0.2 M
aniline hydrochloride with (NH4)2S20g.

100.0 98.0 96.094.0M

92.090.0-

c
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B8.0-

3E

B6.0B4.0JB2.0B0.078.0200.0

400.0

600.0

800.0

Temperature (*C)

Figure 5.23. Thermogravimetric analysis for PAn.(+)-HCSA/silica colloid.
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Transmission electron micrographs of the above dried PAn.(+)-HCSA/silica colloid
showed large (200 - 600 n m diameter), approximately spherical particles (Figure 5.24).
O n high magnification, these were seen to be nanocomposites consisting of individual
silica particles (ca. 20 n m ) fused together to give a raspberry-like morphology (Figure
5.25). These nanocomposites are therefore similar to the achiral PAn.HCl/silica colloids
prepared previously via chemical oxidation. Preliminary low angle X-ray scattering
( S A X S ) studies18 carried out on the PAn.(+)-HCSA/silica colloid at the Australian
National University indicated a monolayer polyaniline coating of ca. 0.2 n m depth on
the silica particles.

Figure 5.24. Transmission electron micrograph of P A n . (+)-HCSA/silica colloid at low
magnification.
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Figure 5.25. High magnification transmission electron micrograph of PAn.(+)HCSA/silica colloid. •

The D C conductivity of a pellet pressed from the above dried PAn.(+)-HCSA/silica
colloid was 2.0 x IO"4 S cm"1, somewhat lower than that reported by Stejskal et al.7 for a
chemically prepared PAn.HCl/silica colloid. This m a y reflect the lower polyaniline
loading in our sample (22 % w/w) compared to the chemically prepared material (38 %
w/w).
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5.4. CONCLUSIONS

Stable, optically active polyaniline colloids can be readily prepared in high yield via the
electrohydrodynamic polymerisation of aniline in the presence of (+)- or (-)- 10camphorsulfonic acid using fine (20 nm diameter) silica as the dispersant. Optimum
optical activity is achieved using 1.0 M HCSA, 5 % (w/w) silica and a Nafion cationic
exchange membrane. Lower acid concentrations ([HCSA] < 0.5 M) lead to overoxidation, as does lower silica concentrations (< 2.5%). Stable colloidal particles of
300-600 nm diameter are formed, which when dried are seen from TEM studies to be
nanocomposites composed of individual polymer-coated silica particles fused together
to give a raspberry-like morphology. The electrical conductivity (2.0 x IO-4 S cm-1) and
polyaniline content (22 %) of these nanocomposites is somewhat lower than related
chemically produced materials.

The optically active fractions of the polyaniline PAn.(+)-HCSA/silica colloids are

remarkably inert to oxidation, reduction and alkaline de-doping. This contrasts with the
optically inactive polyaniline components of these colloids, which like previously
studied PAn.HA salts, undergo facile redox and pH switching. The exceptional chemical

stability of the optically active polyaniline silica colloids suggests that they may pro
useful conducting materials in harsh chemical environments where other PAn.HA salts
would be converted into insulators.
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Chapter 6

Electrosynthesis of Polyurethane-Stabilised
PAn.(+)-HCSA Colloids

6.1. INTRODUCTION

The use of sterically stabilised latex particles as a new form of stabilisation was fi
reported by DSM research.1 This mechanism results in the formation of a "core-shell"
morphology. The conducting polymer component constitutes the shell layer of the

particle without affecting the steric stabilisation mechanism, as illustrated in Schem

6.1. The particle core is the latex particle (eg. polystyrene or polyurethane). The us

steric stabilisers (such as poly(ethyleneoxide)) chemically grafted on the outside of
latex particles is mandatory for stabilisation.

Non-ionic grafted
steric stabilizer on
low Tg latex

Sterically stabilised
low T g latex coated
with a thin layer of
polypyrrole

S c h e m e 6.1. Representation of chemical polymerisation of latex stabilised polypyrrole,
taken from reference 1.
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These latex particles display film forming properties so they can be cast on various
substrates. Wiersma et al.2 reported textiles coated from polypyrrole/polyurethane
dispersions. These coatings exhibit conductivities ranging from 10" to 10 S/cm
depending on the polymerisation conditions.

6.1.1. Aim of this Chapter
The aim of this Chapter is the synthesis of chiral polyaniline camphorsulfonic acid
(PAn.HCSA) colloids with high optical activity and stability, using colloidal

polyurethane (with poly(ethyleneoxide) grafted on the surface) as a dispersant instead of

conventional steric stabilisers. Polyurethane employs a different stabilisation mechanism
to both silica and steric stabilisers such as poly(styrenesulfonate) studied in earlier
Chapters. Stability is achieved by a core-shell morphology, where the polymer coats the
outside of the polyurethane particles.

Earlier studies by Armes et al.3 have shown that stable colloidal dispersions of
polypyrrole and polyaniline could be produced via the chemical (S2O8 ) oxidation of

pyrrole or aniline in the presence of such colloidal polyurethane. In the present Chapter,
electrochemical oxidation of aniline was employed and optically active (1 _>)-(+)camphorsulfonic acid (HCSA) added to establish whether this chiral dopant would
induce chirality into the polyaniline backbone. Chiral induction was again observed and

found to be significantly higher than that observed in Chapter 5 using colloidal silica as
the dispersant.
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6.2. EXPERIMENTAL

6.2.1. Chemicals and Solutions

Freshly distilled aniline (BDH) was stored at -4° C prior to use. (15)-(+)- and (lR)-(
10-camphorsulfonic acid (HCSA) were purchased from Aldrich Chemical Co.
Polyurethane, surface grafted with poly(ethyleneoxide) {PUR-PEO, solid content 10 %
(w/w)}, was supplied by DSM. Aqueous solutions were prepared using deionised MilliQ water.

6.2.2. Electrochemical Instrumentation
The hydrodynamic electrochemical synthesis of the PAn.HCSA/polyurethane colloids
was examined using the three compartment flow-through cell shown in Figure 2.6,
Chapter 2. The anode, composed of reticulated vitreous carbon (RVC), was separated
from the two cathodes by a Nafion cation exchange membrane to stop the solutions
from mixing, in order to obtain better pH control. A flow rate of 40 mL/min was
employed to pump the catholyte and anolyte solutions into their respective

compartments. Electrosyntheses were initially carried out at a constant potential of
+0.80 V (vs Ag/AgCl) which was then lowered to avoid exceeding the compliance

voltage of the 363 Potentiostat/Galvanostat. This was due to increasing cell resistan
resulting from over-oxidation of the deposited polymer at higher potentials.

6.2.3. Electrohydrodynamic Polymerisation of PAn.HCSA/ PU Colloids
A typical electropolymerisation (anolyte) solution for the formation of PAn.(+)-

HCSA/PU colloids consisted of aniline (0.20 M), a specific polyurethane concentration
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systematically varied between 0.50 % and 1.5 % (w/w) and (+)-HCSA (1.0 M ) in a total

volume of 100 mL. Initially, the electrosyntheses were aided by the addition of 0.
poly(styrenesulfonate). The auxiliary solution (catholyte) contained 1.0 M NaN03.

6.2.4. Spectroscopic Studies

The uv-visible spectra of reaction aliquots were measured over the range 300 to 11
nm using a Shimadzu UV-1601 spectrophotometer after dilution. Circular dichroism
(CD) spectra on the same samples were recorded from 300 to 700 nm using a Jobin
Yvon Dichrograph 6.

6.2.5. Colloid Characterisation

A Zetasizer 3000 (Malvern Instruments) was used to determine the particle size and
potential for the PAn.(+)-HCSA/PU colloidal dispersions. Transmission electron
micrographs (TEM) were performed on a dialysed PAn.(+)-HCSA/PU colloid prepared
using 1.0 % (w/w) polyurethane after vacuum drying onto a 300 mesh lacey carbon
(Type A) TEM grid (Pelco Int.), using a Jeol 2000 (80 KV) electron microscope.

6.3. RESULTS AND DISCUSSION

6.3.1. Electrosynthesis of PAn.(+)-HCSA/PU Colloids in the Presence of
Poly(styrenesulfonate)

The hydrodynamic electropolymerisation of aniline was carried out using polyuretha

as a stabiliser and (+)-HCSA as the chiral dopant. Electrosyntheses were initially

by the addition of 0.50 g/L poly(styrenesulfonate) (PSS) as a stabiliser. A prelim
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polymerisation run utilising polyurethane solely as a stabiliser resulted in the immediate
production of the polymer over-oxidation product, pernigraniline.

Initially, a polyurethane (PU) concentration of 0.50 % (w/w) was utilised for polyanili
camphorsulfonic acid (PAn.(+)-HCSA/PU) colloid production. The electrosynthesis was
allowed to proceed for 2 hours, whilst removing aliquots at 30 min intervals for
spectroscopic studies. The uv-visible spectrum of the 30 min reaction sample exhibited
the characteristic emeraldine salt polaron band at ca. 720 nm as well as two broad,
overlapping bands at ca. 375 and 440 nm that have been assigned4 as a n-%* band and a

second polaron band, respectively (Figure 6.1). A broad band or free carrier tail at ca
980 nm was also observed, which grew in intensity at the expense of the 720 nm
polaron band with longer polymerisation times (60-120 min). These observations
indicated that the polyaniline chains existed in a mixture of "compact" coil and
"extended" coil conformations, with the latter arrangement becoming more dominant at

longer polymerisation times. Electrosynthesis for 90 min also resulted in the productio
of the over-oxidation product, pernigraniline, as confirmed by the appearance of its
characteristic absorption band at 540 nm. Further over-oxidation to pernigraniline was
observed after 2 hours of polymerisation.

Circular dichroism (CD) spectra of the above samples recorded immediately after
sampling exhibited little optical activity. However, the CD spectra obtained after
standing the samples overnight showed high ellipticity. For example, the aliquot
removed after 60 min of electrosynthesis exhibited the highest optical activity for
PAn.(+)-HCSA colloids recorded to date (Figure 6.2). Bisignate CD bands were
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observed at 4 2 0 and 480 n m associated with the broad absorption band in the 340-460
nm region, with a calculated chiral anisotropy factor g (Ae/e) at 440 nm of 0.23. This g
value is more than double that (Ae/e = 0.11) at 450 nm obtained in Chapter 5 for silicastabilised PAn.(+)-HCSA colloids. However, the intensity of the bisignate CD bands at
420 and 480 nm for the 90 min sample were significantly lower in intensity than for the
60 min aliquot. This may be attributable to the presence of the over-oxidation product,
pernigraniline. The chiral anisotropy factor, g, also decreased drastically to 0.03,
affirming the loss of optical activity due to over-oxidation.

The significantly higher chiral anisotropy factor calculated for polyurethane-stabilised
PAn.(+)-HCSA colloidal dispersions suggests that polyurethane is a more efficient

substrate than either poly(styrenesulfonate) or silica. Poly(styrenesulfonate) is negative
charged, hence it competes as a polymer dopant and decreases the proportion of the
chiral (+)-CSA~ dopant anion incorporated on the polyaniline chains. The polyurethane
particles used in these syntheses are positively charged, as shown by their positive zeta
potential. Thus, the polyaniline chains incorporating the anionic dopant (+)-CSA~ may
be electrostatically attracted to the polyurethane particles, forming a coating on the
outside of the particle, giving a core-shell morphology. The polyaniline chains may then
be relatively free to rearrange into an asymmetric conformation. In silica-stabilised
PAJLHCSA

colloids, individual silica particles formed the outer layer of the

nanocomposites, as discussed in Chapter 5. This might hinder the subsequent
rearrangement of the polyaniline chains required for induction of chirality. Polyurethane
also contains strongly hydrophilic NH and carbonyl groups, that would provide sites for
H-bonding and polar interactions with appropriate centres in the polyaniline chains.
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Uv-visible and C D spectra for the 60 min and 90 min reaction samples were monitored

while standing over a 24 hr period. An interesting change in the uv-visible spectrum wa
observed for both samples with time. Over 4 hr the polaron band at ca. 440 nm
increased markedly in intensity while the 7.-7. band at ca. 375 nm remained as a
shoulder (Figure 6.3). This was accompanied by the disappearance of the polaron band

at 720 nm and a gradual red shift and moderate increase in intensity of the second high
wavelength band initially observed at ca. 980 nm. No further significant spectral
changes occurred between 4 and 24 hrs. These absorption changes suggest a significant
change in polyaniline chain conformation with time.

The CD signals for the 60 min reaction aliquot increased considerably upon ageing the
sample for 1 hr (Figure 6.4). Maximum optical activity was obtained after 4 hrs

standing, with no further increase in CD signals after allowing the sample to age for 2

hrs. Standing for 2-4 hrs also resulted in a red shift of ca. 15 nm in the bisignate CD
bands. The CD spectrum for the aliquot removed after 90 min electrosynthesis also
showed an increase in optical activity with time. However, presumably due to the
presence of a mixture of emeraldine salt and pernigraniline polymer products, the CD
spectra displayed a gradual red shift upon standing (Figure 6.6).

With polyurethane as a colloidal substrate, maximum induction of optical activity in t
PAn.(+)-HCSA salt was achieved in 4 hours, unlike when silica or
poly(styrenesulfonate) were used as stabilisers when overnight standing was required
(Chapters 4 and 5). This suggests that the polyaniline chains in the polyurethane-

stabilised particles can arrange more freely than with silica. As discussed above, this
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might be a consequence of the polyaniline being deposited on the outside of the
polyurethane particles.

The chemical yields of the PAn.(+)-HCSA/PU colloids were calculated using the
extinction coefficient for PAn.HCl colloidal dispersions reported by Stejskal et

After 60 min electrosynthesis, the yield of polyaniline product was 40 %, while af
min a yield of more than 70 % was achieved.
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Figure 6.1. Uv-visible spectra of PAn.(+)-HCSA/PSS/PU colloids recorded during
electropolymerisation (0.20 M aniline, 1.0 M (+)-HCSA. 0.50 g/L PSS, 0.50 % (w/w)
PU, 1: 29 dilution of samples).
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Figure 6.2. C D spectra of PAn.(+)-HCSA/PSS/PU colloids from Figure 6.1 recorded
after standing overnight.
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Figure 6.3. Uv-visible spectra of PAn.(+)-HCSA/PSS/PU colloids (60 min aliquot)
from Figure 6.1 recorded after standing for various time intervals.
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Figure 6.4. C D spectra of PAn.(+)-HCSA/PSS/PU colloids (60 min aliquot) from
Figure 6.1 recorded after standing for various time intervals.
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Figure 6.5. Uv-visible spectra of PAn.(+)-HCSA/PSS/PU colloids (90 min aliquot)
from Figure 6.1 recorded after standing for various time intervals.
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Figure 6.6. C D spectra of PAn.(+)-HCSA/PSS/PU colloids (90 min aliquot) from
Figure 6.1 recorded after standing for various time intervals.

Influence ofpolyurethane concentration
(a) Use of 1.0 % (w/w) PU
The polyurethane concentration was then doubled to 1.0 % (w/w). The uv-visible
spectra of samples withdrawn during polymerisation confirmed significant emeraldine
salt production over 2 hours of electrosynthesis, with absorption bands typical of
emeraldine salt (375 broad, 440 shoulder and 720 n m ) being observed (Figure 6.7).
Significantly, after 2 hrs of synthesis only slight over-oxidation to pernigraniline (band
at 540 n m ) was observed. The use of the higher P U concentration therefore hinders
undesirable over-oxidation.
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However, after 90 min of polymerisation the intensities of these C D bands were lower
than those obtained after 60 min of synthesis.

Electropolymerisation for longer times (60-120 min) resulted in a product which
displayed an absorption band at 980 nm with a higher intensity than the 720 nm polaron
band. This suggests that the polyaniline chains existed in a mixture of "compact" coil
and "extended" coil conformations, but with a higher proportion of the "extended" coil
conformation than when using 0.50 % (w/w) PU as substrate.

The uv-visible spectra were remeasured after standing the samples for 5 hrs (Figure 6.
As previously observed using 0.50 % (w/w) PU as a substrate, the polaron band at ca.
440 nm increased markedly in intensity. This was accompanied by the disappearance of
the polaron band at 720 nm, and the growth of a free carrier tail at > 1000 nm. This
suggests that the polyaniline chains underwent a conformational change to a
predominantly "extended" coil conformation upon standing.
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Figure 6.7. Uv-visible spectra of PAn.(+)-HCSA/PSS/PU colloids recorded during

electropolymerisation (0.20 M aniline, 1.0 M (+)-HCSA. 0.50 g/L PSS, 1.0 % (w/w
PU, 1: 29 dilution of samples).
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Figure 6.8. Uv-visible spectra of PAn.(+)-HCSA/PSS/PU colloids from Figure 6.7
recorded after standing 5 hrs.
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Once again, little optical activity was observed for samples immediately after
withdrawal from the electrosynthesis cell. However, CD spectra recorded after standing

for 5 hr exhibited high optical activity (Figure 6.9). The degree of optical activity w

markedly dependent on the synthesis time, as indicated by the intensity of the bisignat
CD bands at 400 and 470 nm. With 120 min polymerisation, optical activity was very
similar to the PAn.(+)-HCSA/PU colloids prepared with 0.50 % (w/w) polyurethane
after 60 min electrosynthesis, with a chiral anisotropy factor g (Ae/e) of 0.22 being
calculated.

A chemical yield of 40 % was achieved after 2 hrs of synthesis, calculated using the
published extinction coefficient for PAn.HCl colloids.5 In contrast, the lower
polyurethane concentration (0.50 % (w/w)) gave a 40 % yield after 60 min synthesis.
Therefore, the use of the higher concentration of colloidal polyurethane results in a
slower polymerisation process. This might be a consequence of the higher concentration
of polyurethane particles. When the number of polyurethane particles is doubled, a

longer time is required to coat the outside of the polyurethane colloidal particles wi
polyaniline coating.

However, the colloidal material obtained after 120 min electrosynthesis using 1.0 %
(w/w) polyurethane contained less of the pernigraniline over-oxidation product, while
achieving comparable chiral induction to that observed with 0.50 % (w/w) polyurethane.
Hence, overall, a higher polyurethane concentration is preferred for optimum
polyaniline colloid production with optimum optical activity.
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Figure 6.9. C D spectra of PAn.(+)-HCSA/PSS/PU colloids from Figure 6.7 recorded
after standing 5 hrs.

The particle size and zeta potential of the colloidal products were monitored during
polymerisation at 30 min intervals. Particle size and charge (Table 6.1) might give an
indication of the growth mechanism and incorporation of the chiral dopant.

A particle diameter of 80 nm was measured for the 30 min reaction sample. This
suggests the fusion of two polyurethane particles, since the initial colloid employed had
a particle diameter of ca. 4 0 nm. Further substantial increases in particle size were
observed after 60 min and 90 min electropolymerisation, reaching a m a x i m u m of 387
n m for the 90 min sample (Table 6.1). However, at 2 hr polymerisation a decrease in
particle diameter was observed. This might be due to "size exclusion" by the R V C
working electrode with larger particles being deposited. The particle sizes observed of
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up to 387 n m give strong evidence of aggregation occurring with prolonged synthesis. A
five-fold increase in polydispersity was also observed.

Presumably, at the onset of polymerisation a core-shell morphology is a

aggregation of particles occurs. This might suggest a deficiency in poly

particles, where all the particles have an initial coating of polyanilin
aggregation.

The colloidal particles after 30 min synthesis are negatively charged (
consistent with polyaniline coverage by the anionic dopant.

Table 6.1. Particle size and charge data for PAn.(+)-HCS A/PU colloids.
Time

__ ave

(min)

(nm)

0

42±2

30

Polydispersity

Mobility

Zeta potential

(cm2/SVA)

(mV)

0.2

0.68 + 0.24

8.6 ±3.0

88 ±2

0.6

-0.75 ± 0.04

-9.5 ± 0.5

60

141 ±5

0.8

0.09 ± 0.02

2.1 ±0.2

90

387 ±10

1.0

-0.22 ±0.01

-2.8 ± 0.3

120

316+10

1.0

-0.68 ± 0.24

-3.7 ±0.1

(b) Use of 1.5% (w/w) P U

The uv-visible spectral changes during electrosynthesis using 1.5 % (w/

similar to those above using 1.0 % (w/w) PU. Emeraldine salt production

by the appearance of typical peaks of emeraldine salts at 375, 440 sh a

(Figure 6.10). The 120 min spectrum showed only slight over-oxidation to
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pernigraniline, as indicated by the appearance of a weak peak at 540 nm. After 30 min
synthesis a peak at 980 n m with a higher intensity than the 720 n m polaron band was
observed. This again suggests that the polyaniline chains are predominantly present in
the "extended" coil conformation.
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Figure 6.10. Uv-visible spectra of PAn.(+)-HCSA/PSS/PU colloids recorded during
electropolymerisation (0.20 M aniline, 1.0 M (+)-HCSA. 0.50 g/L PSS, 1.5 % (w/w)
PU, 1:29 dilution of samples).
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Figure 6.11. Uv-visible spectra of PAn.(+)-HCSA/PSS/PU colloids from Figure 6.10
recorded after standing overnight.

The uv-visible spectra recorded after standing overnight (Figure 6.11) showed similar
changes to those using the lower polyurethane concentrations, with a significant (but
less dramatic) increase in the intensity of the 440 nm polaron band and a red shift of
band originally located at ca. 980 nm. The polaron band at ca. 720 nm also disappeared
on standing. These changes are consistent with the polymer chains undergoing a
rearrangement to a more "extended" coil conformation with time.

The circular dichroism spectra recorded after standing overnight showed no optical
activity for the 30 min reaction aliquot (Figure 6.12). The 60 and 90 min samples have
unusual CD spectra of a type not previously observed in this thesis. However, the CD

spectrum of the 120 min sample was typical of colloidal emeraldine salts. This suggests
that the polymer is undergoing a series of conformation changes with time when
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employing this higher 1.5 % (w/w) polyurethane concentration. A higher colloidal P U
concentration provides more particles for the conducting polymer to deposit on,
therefore the polyaniline loading on the individual particles should be lower than for
0.50 %

and 1.0 %

(w/w) concentrations of polyurethane. A thinner coating of

polyaniline might allow for more efficient rearrangement in the backbone chains to take
place.

The differences observed may also be due to the different surfaces upon which the
polyaniline deposits. In the early stages, deposition is on polyurethane, while with
thicker films deposition occurs on a polyurethane particle already coated with
conducting polymer. The hydrophobic or hydrophilic nature of the substrates has been
recently shown 6 to have a significant effect on the conformations of deposited
polyaniline and polypyrrole chains.

-65 J

-

•

'

Figure 6.12. C D spectra of PAn.(+)-HCSA/PSS/PU colloids from Figure 6.10 recorded
after standing overnight.
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6.3.2. Electrosynthesis of PAn.(+)-HCSA/PU Colloids in the Absence of
Poly(styrenesulfonate)
Various concentrations of polyurethane were investigated to examine their effect on
polyaniline colloid production and optical activity. An initial concentration of 0.50 %

(w/w) resulted in over-oxidation after 20 min of synthesis, hence the polymerisation was
terminated. The uv-visible spectrum (Figure 6.13) showed the typical emeraldine salt
peaks along with the 540 nm pernigraniline absorption band. The CD spectra exhibited
bisignate CD bands at 400 and 480 nm associated with the 390 nm absorption peak
(Figure 6.14). A calculated anisotropy factor of 0.05 was obtained, which indicates a

relatively small proportion of chiral polyaniline chains. A particle size of ca. 75 nm w
measured which suggests particle aggregation already had occurred. Thus after the
individual particles have the core-shell morphology they aggregate and eventually over-

oxidation takes place. A zeta potential of 0.0 mV was found, affirming the incorporation
of the negatively charged dopant.
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Figure 6.13. Uv-visible spectra of PAn.(+)-HCSA/PU colloid recorded during

electropolymerisation (0.20 M aniline, 1.0 M (+)-HCSA, 0.50 % (w/w) PU, 1:2 dilution
of samples, 20 min polymerisation time).

Figure 6.14. C D spectra of PAn.(+)-HCSA/PU colloids from Figure 6.13 recorded after
standing overnight.
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The polyurethane concentration was then raised to 1.0 % (w/w) to prolong colloid
electrosynthesis time. However, after 30 min of electrosynthesis signs of over-oxidation

were evident by the appearance of the purple colour characteristic of pernigraniline. Th
uv-visible spectrum exhibited 390, 440 and 720 nm emeraldine salt bands accompanied
by a free carrier tail at 980 nm. The free carrier tail is slightly higher in intensity
polaron band. This suggests a slightly higher proportion of "extended" coil to "compact"
coil conformation. After standing the sample for 1 hr the 720 nm polaron band
disappeared and a growth in the free carrier tail was observed (Figure 6.15). This
indicates that the polymer transformed to a predominantly "extended" coil
conformation. No change in the free carrier tail was observed upon standing for 24 hr,
while the 440 nm band underwent a significant increase in intensity.

A very weak CD spectrum was obtained after standing the reaction sample for 1 hr
(Figure 6.15). However, an intense CD spectrum was observed after standing 24 hr,
exhibiting bisignate CD bands at 395 and 470 nm. The chiral anisotropy factor, g, was
calculated to be 0.19, with a chemical yield of 54 % product formed after 30 min of

electrosynthesis. The absence of poly(styrenesulfonate) stabilisers improves the optical
activity of the colloidal polyaniline product. Presumably, since PSS is negatively
charged, it has the potential to compete as a dopant with the chiral (+)-CSA~ ion.

A particle size of 47 ± 1 nm (with a polydispersity factor of 0.3) was measured for the
above sample. This suggests that the polymer coats the outside of individual
polyurethane particles in a core-shell like morphology. This might explain the high
optical activity obtained, with the optically active polymer as the outer layer. Zeta

185

potential measurements confirmed that the conducting polymer forms the outer shell
layer, since a potential of -1.3 mV was observed. The negative charge suggests the
presence of the polyaniline polymer incorporating the negatively charged dopant.
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Figure 6.15. Uv-visible spectra of PAn.(+)-HCSA/PU colloids recorded during
electropolymerisation and after standing (0.20 M aniline, 1.0 M (+)-HCSA, 1.0 % (w/w)
PU, 1:7 dilution of sample).
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Figure 6.16. C D spectra of PAn.(+)-HCSA/PU colloids from Figure 6.15 recorded after
standing 24 hr.

The PU concentration was then increased further to 2.5 % (w/w). The
electropolymerisation was allowed to proceed for 90 min. However, m a x i m u m colloid
production was achieved after 30 min of polymerisation as illustrated in Figure 6.17.
The 30 min reaction sample displayed the high wavelength bands at 720 and 980 n m
found for the polyaniline colloids grown at lower P U concentration, along with the
shoulder peak at 440 nm. However, the 380 n m peak was less prominent than those
obtained in previous polymerisations in this Chapter. At longer polymerisation times (ie.
60 to 90 min), this latter peak became more defined at the expense of the 440 n m
shoulder peak. Also a weak over-oxidation peak at 540 n m due to the production of
pernigraniline was observed. These observations suggest that at polymerisation times
longer than 30 min the polymer undergoes a structural change. The 980 n m band was
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slightly higher in intensity than the 720 n m peak, indicating that the polymer existed in a
predominantly "extended" coil conformation.

As a result of the higher concentration of PU and larger number of latex particles, the

polyaniline loading on each particle is expected to be significantly lower, resulting i
thin outerlayer of polymer. The circular dichroism spectra recorded after standing the
reaction samples overnight (Figure 6.18), confirmed that the polyaniline chains
underwent a change in their conformation/structure.

The CD spectrum of the 30 min reaction sample exhibited no ellipticity, while the 60
min spectrum displayed a weak circular dichroism spectrum with broad bisignate bands
at ca. 400 and 550 nm. The 90 min electrosynthesis sample gave a CD spectrum similar
to that of other emeraldine salt colloids observed in this work. Bisignate bands at 400
and 490 nm associated with the 380 nm absorption band were observed. However, the
calculated chiral anisotropy factor, g, was significantly lower (0.05) than when using
% (w/w) PU, indicating that the lower polyurethane concentration is more efficient in
terms of the degree of the chiral induction in the polyaniline chains.

Particle size data (Table 6.2) indicated that the coating on the polyurethane particles

increased with polymerisation time. After 30 min electrosynthesis the colloidal particle
size was ca. 41 nm, i.e. approximately the same as the original polyurethane particles,
while after 90 min reaction the size increased to ~ 64 nm. This suggests a polyaniline
coating of ca. 13 nm in the latter case. The previous use of 1.0 % (w/w) PU resulted in
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colloidal particle size of ~ 47 nm. This thicker coating was probably attained due to the
lower number of polyurethane particles available for the polymer to coat on.

Table 6.2. Particle size and zeta potential data for PAn.(+)-HCSA/PU colloids (2.5 %
w/w PU).
Time

_-> ave

Mobility

Zeta potential

(min)

(nm)

(cm2/SVA)

(mV)

30

41 ±1

0.22

0.82 ±0.08

10 ±1.0

60

50±2

0.36

0.12 ±0.03

1.5 ±0.3

90

65 ±4

0.43

-0.16 ±0.03

-2.0 ± 0.3

Polydispersity
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Figure 6.17. Uv-visible spectra of PAn.(+)-HCSA/PU colloids recorded during

electropolymerisation (0.20 M aniline, 1.0 M (+)-HCSA, 2.50 % (w/w) PU, 1:5 dilution
of samples).
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Figure 6.18. C D spectra of PAn.(+)-HCSA/PU colloids from Figure 6.17 recorded after
standing 24 hr.

Finally, a concentration of 5.0 % (w/w) polyurethane was investigated. In this instan
a progressive increase in emeraldine salt concentration was observed with reaction time,
even after 2 hr of polymerisation (Figure 6.19). The uv-visible spectra recorded showed
bands typical of emeraldine salt at 375, 420 and 720 n m . Also a free carrier tail at 980
n m was observed with a higher intensity than the 720 n m polaron band. This indicated
that a higher proportion of the polymer existed in the "extended" coil conformation than
with lower P U concentrations. U p o n standing overnight the 720 n m band disappeared,
accompanied by a growth in the free carrier tail (Figure 2.20), indicating that the
polyaniline chains rearranged further towards the "extended" coil conformation.
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Figure 6.19. Uv-visible spectra of PAn.(+)-HCSA/PU colloids recorded during
electropolymerisation (0.20 M aniline, 1.0 M (+)-HCSA, 5.0 % (w/w) P U , 1:29 dilution
of samples).
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Figure 6.20. Uv-visible spectra of PAn.(+)-HCSA/PU colloids (from Figure 6.19)
recorded after standing overnight.
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The circular dichroism spectra were recorded after allowing the reaction aliquots to
stand overnight. Their features were unlike any of the C D spectra previously observed
for polyaniline colloids in this thesis. A red shift in the C D bands was observed with
longer polymerisation times, suggesting an increase in conjugation length in the
polyaniline formed. The reason for this change in C D spectra and structures at higher
polyurethane concentration is not currently known.

Wavelength (nm)

Figure 6.21. CD spectra of PAn.(+)-HCSA/PU colloids from Figure 6.19 recorded after
standing 24 hr.
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6.3.3. Characterisation
Colloidal Particle Size and Morphology
Transmission electron micrographs of the Pan.(+)-HCSA/PU colloids exhibited an

elongated spherical morphology with a rigid rough surface. The TEM shown in Figur
6.22 is of the 90 min reaction aliquot of Pan.(+)-HCSA/PU colloids prepared with
2.5% (w/w) PU, with no added PSS. The particles were approximately 200 nm in
diameter which suggest the fusion of primary polyurethane particles.

Figure 6.22. T E M of Pan.(+)-HCSA/PU colloid (2.5 %(w/w)PU).
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6.4. CONCLUSIONS

In conclusion, the core-shell morphology approach for stabilising chiral emeraldine salt
colloids has been the most successful. The highest optical activity to date was observed
for the Pan.(+)-HCSA/PU colloids using polyurethane as the sole stabiliser. Unlike

silica-stabilised nanocomposites where the inorganic oxide particles constitute the outer
layer, the polyurethane-stabilised emeraldine salt colloids have the chiral polyaniline
component on the surface of the particle. This presumably helps the subsequent
rearrangement of the polyaniline chains.

Initially, poly(styrenesulfonate) (0.50 g/L) was used to aid the electrosynthesis of
Pan.(+)-HCSA/PU colloidal dispersions. The presence of PSS prolonged the
polymerisation time, with emeraldine salt production observed even after 2 hours of
electropolymerisation. A PU concentration of 1.0 % (w/w) was found optimum for
colloid production with maximum optical activity achieved after 2 hours.

Electrosynthesis carried out with polyurethane particles only as stabiliser also resulted
the formation of stable emeraldine salts. In this instance, maximum optical activity was
observed after only 30 min of electrosynthesis. An optimum concentration of
polyurethane 1.0 % (w/w) was established. A change of conformation of the polymer
chain was observed for higher (> 1 % (w/w)) polyurethane concentrations. Presumably,
higher concentrations result in a thinner coating of the chiral emeraldine salts. This
might allow more freedom in the polymer chain to undergo more facile rearrangement
with time.
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In summary, the use of sterically stabilised latex particles as a dispersant provides a very
efficient method for the production of chiral conducting polymers.

In the next Chapter, we investigate the possibility of producing chiral polypyrrole
colloids incorporating chiral dopants such as (15)-(+)- 10-camphorsulfonic acid.
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CHAPTER 7
Optically Active Polypyrroles Containing
Chiral Dopant Anions

7.1. INTRODUCTION

This Chapter investigates the synthesis of optically active polypyrroles incorporating t
chiral dopant anions (+)- or (-)-lO-camphorsulfonate (CSA"). Polypyrrole salts, PPy.(±)C S A , incorporating racernie (±)-10-camphorsulfonate as the dopant anion have been
k n o w n for some time.1 T h e first reported synthesis of related optically active
polypyrroles PPy.(+)-CSA and PPy.(-)-CSA, as well as PPy.tart (tart" = (+)- or (-)tartrate), recently appeared. These reportedly chiral conducting polymers were obtained
using the approach employed in Chapter 4 of this thesis to deposit optically active
PAn.(+)-HCSA/PSS films, namely the potentiostatic electropolymerisation of the
pyrrole m o n o m e r in the presence of the appropriate chiral dopant anion.

The reported2 optical activity of the polypyrrole PPy.(+)-CSA salt was surprising, since
studies by Dr. Akhtar in our laboratories3 had recently found that the galvanostatic
electropolymerisation of pyrrole in the presence of (+)- and (-)-HCSA gave PPy.(+)C S A and PPy.(-)-CSA films that exhibited no significant circular dichroism ( C D ) bands
in the region 350-770 n m . T h e only C D signal observed by Akhtar 3 for these films was a
band near 300 nm associated with the incorporated (+)- or (-)-CSA- anion. This
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indicated that the polypyrrole backbone in these electrochemically generated polypyrrole
salts did not possess main chain chirality.

The recently reported2 CD spectrum of PPy.(+)-CSA was extremely weak and recorded
only over a very narrow wavelength range (600-730 nm). It was also markedly different
in shape to the CD spectra described previously for other optically active polypyrroles
containing chiral substituents covalently attached to the pyrrole ring.4 The
electropolymerisation of pyrrole in the presence of (+)- and (-)-HCSA has therefore
been re-examined in this Chapter using potentiostatic deposition. Related studies are

also reported for the potentiostatic polymerisations of pyrrole in the presence of (+)- an

(-)-tartrate ions (tart-), (+)-dibenzoyl-D-tartrate and (+)- and (-)-mandelate (mand-) ion

In each case, thin films of the corresponding conducting polymers PPy.A (A- =
incorporated anion) were readily deposited on an indium-tin-oxide glass coated working
electrode, allowing their chiroptical properties to be studied.

COOH

I
CHOH

I
CHOH

I
CSA

tarf
COOH

CH(OH)COO"

©r
mand"
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7.1.1. A i m of this Chapter
The principle objective was to establish whether optically active polypyrroles can be
prepared by electropolymerisation of pyrrole in the presence of chiral dopant anions that
m a y induce chirality into the polypyrrole chains. If polypyrroles with substantial optical
activity were obtained, their synthesis in the processable colloidal form would then be
explored.

7.2. EXPERIMENTAL

7.2.1. Chemicals and Solutions
All chemicals were of analytical grade unless otherwise stated. Pyrrole (Sigma, L R
grade) was distilled before use. (15)-(+)- 10-camphorsulfonic acid, (l/?)-(-)-10camphorsulfonic acid and N a N 0 3 were obtained from B D H , while (+)- and (-)-tartaric
acid, (+)-dibenzoyl-D-tartaric acid and (+)- and (-)-mandelic acid were purchased from
Aldrich Chemical Co. The solutions used for polymer synthesis were freshly prepared
by mixing the m o n o m e r solutions with the appropriate counterion in doubly distilled
Milli-Q water and deoxygenating with dinitrogen for 5 min before use.

7.2.2. Film Preparations
PPy.(+)-CSA, PPy.(-)-CSA, PPy.(+)-tart, PPy.(-)-tart, PPy.(+)-mand, PPy.(-)-mand and
PPy.dibenzoyl-D-tart films were grown potentiostatically on indium-tin-oxide (ITO)coated glass working electrodes using similar conditions to those employed by Zhou et
al.2 (0.20 M pyrrole, 1.0 M (+)- or (-)-dopant anion, +0.65 V (vs Ag/AgCl), 100 m C / c m 2
deposition charge). Thefilmswere washed with water and air dried before spectroscopic
examination.
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7.2.3. Spectroscopic Studies
Uv-visible spectra of the films were recorded over the region 300-1100 nm with a
Shimadzu UV-1601 spectrophotometer, while circular dichroism (CD) spectra were
measured using a Jobin Yvon Dichrograph 6.

7.2.4. Electron Microscopy
Scanning electron micrographs (SEMs) of the films were obtained using a Leica
Cambridge 440 Scanning Electron Microscope.

73. RESULTS AND DISCUSSION

7.3.1. PPy.(+)-CSA and PPy.(-)-CSA
In keeping with related studies with other anions, potentiostatic polymerisation of

pyrrole in 1.0 M (+)- or (-)-HCSA proceeded readily using an applied potential of +0
V (vs Ag/AgCl), with a total deposition charge of 100-180 mC/cm2 on an ITO-coated

glass as the working anode (eqn. 7.1). In both cases adherent black films were deposi
onto the working anode. Elemental analyses for the air-dried films (Experimental)

revealed that n = ca. 3 in eqn.(7.1), i.e. there was one CSA" anion incorporated for e
three pyrrole units along the polypyrrole chains.

O
N
H

-e
CSA

CSA"

eqn. 7.1
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The uv-visible spectrum of a PPy.(+)-CSA film potentiostatically deposited on ITOcoated glass is shown in Figure 7.1. A very similar absorption spectrum was observed
previously by Akhtar3 for PPy.(+)-CSA films deposited galvanostatically. These spectra,
exhibiting strong absorption bands at 475 and ca. 1050 nm, are characteristic of highly
doped polypyrrole salts.
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Figure 7.1. Uv-visible spectrum of a PPy.(+)-CSA film potentiostatically deposited on
ITO-glass (0.20 M pyrrole, 1.0 M (+)-HCSA at +0.65 V (vs Ag/AgCl)).

However, the circular dichroism (CD) spectrum of the potentiostatically deposited
PPy.(+)-CSA film revealed no bands in the visible region (330 - 700 nm). Analogous

PPy.(-)-CSA films were similarly found to be optically inactive. It therefore seems li
that the circular dichroism spectrum recently reported by Zhou et al2 for PPy.(+)-CSA
erroneous. The latter spectrum was inexplicably reported over only a very short
wavelength range (600-750 nm), and showed very weak (ca. 1 mdeg), multiple CD
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signals that bore no obvious relationship to the uv-visible absorption bands seen for
such films in Figure 7.1. The reported2 CD spectrum was also quite unlike those
reported4 for other optically active polypyrroles, which exhibited only two broad,
bisignate CD bands in the region 350-750 nm associated with the broad absorption band
in this region.

The failure in the present re-examination to observe optical activity in the PPy.(+)-CSA
and PPy.(-)-CSA films indicates that the chiral dopant CSA" anions do not induce
chirality into the polypyrrole chains during the electropolymerisations. This contrasts

with the earlier observation6 of strong chiral induction in polyaniline chains by (+)- and
(-)-CSA- anions during the electropolymerisation of aniline. This marked difference in
behaviour may arise from the absence of H-bonding sites in the polypyrrole chains for
interaction with the CSA" carbonyl group. It was earlier postulated6 that both
electrostatic interactions (with the CSA" sulfonate group) and H-bonding (between
polymer-NH groups and the CSA" carbonyl group) are important in the generation of
optically active PAn.HCSA salts.

7.3.2. PPy.(+)-tart and PPy.(-)-tart
Thin films of PPy.(+)-tart and PPy.(-)-tart were also readily deposited on ITO-coated

glass electrodes potentiostatically using conditions similar to those employed by Zhou et
al.2 (applied potential +0.70 V (vs Ag/AgCl), 100 mC/cm2 deposition charge). The
incorporation of the tartrate ion in the polymer was confirmed by the presence of a
strong characteristic v(CO) infrared band at ca. 1700 cm" .
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The uv-visible spectra of the PPy.(+)-tart and PPy.(-)-tart films (eg. Figure 7.2)
exhibited absorption bands at ca. 370, 550 and 870 nm, characteristic of doped
polypyrrole salts. The circular dichroism spectrum of the PPy.(+)-tart film (Figure 7.3)
confirmed that this polypyrrole salt, unlike PPy.(+)-CSA and PPy.(-)-CSA above, was
indeed weakly optically active. This visible region optical activity may be attributed to
induced chirality of the polypyrrole chains, since the dopant tartrate ion only has CD
bands below 300 nm. The CD spectrum exhibited bisignate bands at ca. 430 and 600 nm
associated with the absorption band at 550 nm.

PPy.(+)-tart and PPy(-)-tart films deposited under similar conditions exhibited mirrorimaged CD spectra (Figure 7.4), indicating enantioselectivity in the induction of
chirality in the polypyrrole chains. However, the low intensity of the polymer CD
signals compared to those recently reported7 for the related chiral polyaniline salts,

PAn.(+)-tart and PAn.(-)-tart, suggests that the degree of chiral induction is quite small
for polypyrrole. As previously discussed for the PPy.CSA polymers, this may again be
associated with the absence of polar groups on the polypyrrole backbone to facilitate
interaction with the dopant tartrate ions.
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Figure 7.2. Uv-visible spectrum of a PPy.(+)-tart film potentiostatically deposited on
ITO-coated glass (0.20 M pyrrole, 1.0 M (+)-tartaric acid at +0.65 V (vs Ag/AgCl)).
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Figure 7.3. Circular dichroism spectrum of the PPy.(+)-tart film, deposited as in Figure
7.2.
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Figure 7.4. Circular dichroism spectra of PPy.(+)-tart and PPy.(-)-tart films (prepared
from 0.20 M pyrrole, 1.0 M (+)- or (-)-tartaric acid at +0.65 V (vs Ag/AgCl)).

7.3.3. PPy.(+)-dibenzoyl-D-tartrate

A film of PPy.(+)-dibenzoyl-D-tartrate was readily deposited at a potential of 0.70 V (
Ag/AgCl) using a total deposition charge of 140 mC/cm2. A uv-visible spectrum typical
of doped polypyrrole was observed, with characteristic absorption bands at 480 and 850
nm (Figure 7.5). The circular dichroism spectrum of this film (Figure 7.6) showed that
was also optically active, with bisignate bands at ca. 465 and 610 nm, associated with
the absorption band at 480 nm. However, the intensity of the polymer CD signals was

again very low, indicating that the presence of a benzoyl group in the tartrate anion d
not enhance the induction of chirality in the polymer. Once again, the absence of Hbonding sites in the polypyrrole chains with which to interact with the chiral dopant
anion apparently hinders the induction of chirality in the polypyrrole chains.
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Figure 7.5. Uv-visible spectrum of a PPy.dibenzoyl-D-tart film potentiostatically

deposited on ITO-coated glass (0.20 M pyrrole, 1.0 M dibenzoyl-D-tartaric acid at +0
V (vs Ag/Ag/Cl).
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Figure 7.6. C D spectrum of the PPy.dibenzoyl-D-tartfilm,deposited as in Figure 7.5.
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7.3.4. PPy.(+)-mand and PPy.(-)-mand
Thin, dark brown films of PPy.(+)-mand and PPy.(-)-mand (mand = conjugate base of
mandelic acid) could be similarly deposited on ITO-coated glass working electrodes via
the potentiostatic (+ 0.65 V) polymerisation of pyrrole (0.20 M) in aqueous 1.0 M (+)or (-)-mandelic acid.

Their uv-visible spectra showed absorption bands at ca. 510 and 850 nm characteristic
of doped polypyrroles (eg. Figure 7.7). These films also exhibited weak, mirror imaged
CD bands at ca. 430 nm, confirming their enantiomeric nature and the macroasymmetry

of the polypyrrole chains (Figure 7.8). This indicates that a dopant anion containing o
a single carboxyl group is capable of generating at least partial chiral induction in

polypyrrole systems, i.e. two carboxylate groups as in tartrate (tart") are not essentia
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Figure 7.7. Uv-visible spectrum of a PPy.(+)-mand film potentiostatically deposited on
ITO-coated glass (0.20 M pyrrole, 1.0 M (+)-mandelic acid at 0.70 V (vs Ag/AgCl).
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Figure 7.8. Circular dichroism spectra of PPy.(+)-mand and PPy.(-)-mand films
deposited as in Figure 7.7 using (+)- or (-)-mandelic acid.

73.5. Characterisation
Polymer

Morphology

Scanning electron micrographs of PPy.(+)-tart films showed aggregates of discreet
polymer spheres ranging in size from 1 to 10 urn, as shown in Figure 7.9. However, at a
higher magnification (Figure 7.10), a "cauliflower" morphology was clearly evident.
There appeared to be no cohesive secondary polymerisation between these "cauliflower"
structures, hence a rough dendritic surface of "cauliflower" particles with a wide particle
size distribution was obtained.
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Figure 7.9. Scanning electron micrograph of a PPy.(+)-tart film.

-'•'.,

Figure 7.10. High magnification S E M of a PPy.(+)-tart film.
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7.4. CONCLUSIONS

A re-examination of the electropolymerisation of pyrrole in the presence of (+)- and (-)camphorsulfonic acid (HCSA) has shown that, contrary to a recent report, the deposited
PPy.(+)-CSA and PPy.(-)-CSA films show no visible region circular dichroism bands.

That is, the polypyrrole chains do not exhibit induced chirality. These chiroptical studi
of the PPy.(+)-CSA and PPy.(-)-CSA films confirm an earlier study in our laboratories
indicating that the incorporation of (+)- or (-)-CSA" anions during electrochemical
growth of polypyrrole does not induce optical activity in the polymer chains.

However, similarly deposited PPy.(+)-tart, PPy.(-)-tart, PPy.dibenzoyl-D-tart, PPy.(+)mand and PPy.(-)-mand films are weakly optically active in the visible region,
confirming partial chiral induction in their polypyrrole backbones caused by the
presence of the chiral dopant anions during electropolymerisation. The generation of
optically active PPy.mand films with the chiral mandalate anion containing only one
carboxylate group indicates that it is not necessary for the dopant to possess two

carboxylate binding groups (as in (+)- and (-)-tartrate) in order to induce chirality in
the polypyrrole chains. The very weak optical activity in the PPy.dibenzoyl-D-tartrate
film indicates that the presence of a benzoyl group in the tartrate ion does not enhance
chirality in the polymer chains. The considerably weaker chiral induction observed
compared to that previously found in related electropolymerisations of aniline may arise
from the absence of polar substituents on the pyrrole backbone necessary for strong
interaction with the chiral dopant anions.
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In view of only the low optical activity observed for the above electrochemically

deposited polypyrrole films, the possibility of synthesising water "soluble" colloidal
dispersions was not explored.
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General Conclusions

The electrosynthesis of polypyrrole colloidal dispersions was readily achieved
employing a hydrodynamic flow-through electrochemical cell. Colloidal conducting
polymers were readily prepared by the electrohydrodynamic oxidation of the monomer

in the presence of a sufficient concentration of steric stabiliser. An optimum stabilise
concentration of 3 g/L was established for colloidal stability of polypyrrole nitrate,
whilst retaining the electrical behaviour of the polymer.

The maximum colloid production was obtained using large polymerisation solution
volume, low monomer concentration, extended polymerisation time and a high porosity
RVC working electrode. The maximum amount of colloid is obtained under
potentiostatic conditions employing the three-compartment electrohydrodynamic cell
with a moderate flow rate of 40 mL/min.

However, the main limitation of this processing method is that under some conditions
more than 90 % of the colloid mass is lost on the working electrode surface. Prior
electrochemical coating of the RVC electrode with polyaniline was found to decrease
this deposition significantly, thereby improving the efficiency of the process.

Electrochemical polymerisation allowed the incorporation of unusual dopants into the
conducting polymer chain, such as proteins. The protein was found to retain its

biological activity, indicating that electrosynthesis provides sufficient control over t
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oxidation potential so as to protect the delicate protein structure necessary to ensure
bioactivity.

The electrosynthesis of novel, chiral polyaniline colloids was also explored. Optically
active polyaniline dispersions were successfully prepared by the incorporation of the
chiral dopants (lS)-(+)- or (l_?)-(-)-10-camphorsulfononic acid (HCSA). Various
stabilisation mechanisms were investigated in order to maximise the optical activity.
The "core-shell" morphology approach to stabilisation proved to be the most efficient
method for colloid stability and maximum optical activity.

Chiral conducting polymers have potential as chiral electrodes in asymmetric
electrochemical synthesis or as electroactive membranes/ion-exchange materials for the
separation of enantiomeric anions. The possibility of utilising the chiral polyaniline
colloids prepared in this study for the above mentioned applications might be explored
in future studies.
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APPENDIX 1
The Van der Pauw Technique

The solid state electrical conductivity of pressed pellets from dried colloidal polypyrrole
or polyaniline was determined using the Van der Pauw technique1. This technique is a

measure of the volume resistivity of the pellet. The Van der Pauw setup is illustrated i

Figure 1. It consisits of four equally spaced electrical contact points to the dried pe
A current is passed through two adjacent points (ie. points A and B) and the resultant
potential drop is measured between points C and D. The same current is then passed
through points B and C and the potential drop is measured between points A and D.

Polyaniline Disc

PAR 363

Multimeter

Figure 1. The V a n der P a u w setup.
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The following equation is used to calculate the volume resistivity R v ,
when V C D / V B c = 1:

ln2 21
where:
d = thickness of the pellet,
I = applied current ( m A ) ,
Vac = potential difference between B and C (mV),
V C D = potential difference between C and D (mV).

The solid state conductivity is then calculated using the following equation:
c = 1/RV S cm - 1
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APPENDIX 2
Evaluation of Electrochemical Reactors

A series of tests was carried out in order to establish that each of the electrochemical
cells was operating at optimal efficiency. Standardised tests were developed so that the
three different cells could be quantitatively compared with each other.

The cells were modelled as Plug Flow Reactor type reactors. Equations exist for the
design and evaluation of each type of reactor1. Parameters valid for continuous flow
reactors are based upon the assumption of mass transport limited conditions. The
essential equations for this evaluation process are: ' '

Mass Transfer Coefficient (km)

km = i_yzFAC (1)

where iL = limiting current,
z = number of electrons of reaction,
F = Faraday constant,
A = electrode area,
C = concentration of reactant.
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In some cases it is preferable to use eq (1) in the form (2)

kmA = iL/zFC (2)

In general, and particularly for cells with plate electrodes, it is possible to use:

kmAs = iL/zFCVR (3)
A S = A/VR

where VR = volume of reactor (containing electrode).

For cells with three dimensional electrodes:

km Ae = iL/zFCVe (4)

where Ve = electrode volume

Fractional Conversion (XA)
X A = (C(in) - C(out)) / C(in)
or X A = l - ( C ( 0 U t ) / C ( i n ) )

(5)

where C(in) = concentration of reactant IN,
C(out> = concentration of reactant O U T .

For a Plug Flow Reactor (PFR) operated in single pass mode, and assuming first order
mass controlled kinetics, the relationship (6) will hold:

C(0ut)= C(in) exp[-(kmAe/Qv) ] (6)

where Qv = volumetric flow rate.
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X A = l-exp[-CkmAe)/Qv]

(7)

XA=l-exp[-{krnA/VR}T]

or ln(C(out/C(in)) = -{kmAe^/R}T (8)

where x = residence time (VR/QV or Ve/Qv for a three dimensional porous electrode).

For a PFR operated in recirculation mode:

XA,.PFR

= l-exp[-(t XAPFR/TT] (9)

where t = time
XT = residence time in holding tank.

Figures of Merit

Space-time Yield (pst)

pst = mTVRt (10)

where m = mass of product.
In terms of k m , at 1 0 0 % current efficiency, (j)

pst = km AeMC(in) (11)

where M = molecular weight of reactant

Current Efficiency (ty)

0 = QP/QT (12)
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where Q p = charge required to produce product,
Q T = total charge used.

Procedures
Data acquisition was made using a Maclab™ (AD Instruments) interface using Chart
V3.3.5 software.

A 1 L anolyte solution consisting of 2.0 mM K4Fe(CN)6.3H20 and 0.50 M NaN03 was
prepared to test the cell design efficiency. The catholyte solution consisted of 1 L 0.50
M

N a N 0 3 . These anolyte and catholyte solutions were then flowed through their

respective compartments at 20, 40 and 60 mL/min. Efficiency tests were carried out at a
constant potential of+0.8 V (vs Ag/AgCl) in single pass mode.

A chronoamperogram at the applied potential was recorded for both the duration of cell
flushing and sample collection. Initially, 1 to 3 cell volumes were passed through the
cell at +0.8 V, at the flow rate being investigated, and discarded to waste. With the
potential still being applied, a m i n i m u m of 1 cell volume was then collected and the
collection time (sec) and actual volume collected (mL) were noted. The charge passed
was then determined by integrating the area under the curve from the end of the data
acquisition and back for the total collection time (t sec). The concentration of Fe(CN)63"
produced from the Fe(CN) 6 4 ~ test solution was determined by uv-visible spectroscopy.

Analysis of the current efficiency parameters for both cell designs indicated that at +
V (vs Ag/AgCl) both cells designs had efficiencies of 99 % or better.
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The dependence of the mass transfer coefficient on residence time is shown in Figure 1.
At large residence times (or low flow rates - see definition eq. 8), the mass transfer

process in the sandwich configuration is slightly higher. At shorter residence times, i.e
higher flow rates, both cell designs have similar mass transfer characteristics due to
greater turbulence induced within the RVC electrodes at higher flow rates. The effect of

this turbulence is characterised by the rapid increase in mass transport at lower reside
times (or higher flow rates).

The relationship of space time yield, pst, to residence time, Figure 2, shows that the
sandwich configuration is most efficient at all flow rates investigated. This sandwich
configuration had higher pst values due to minimising the effect of electrode shielding

and thereby utilising more of the available anode surface. In the sandwich configuration,

pst decreased as the electrolyte residence time within the cell was also reduced. This is
indicative of insufficient electrolyte contact with the electrode at shorter residence

times, but also shows that the cell was operating near its optimal at the lowest flow rat
Increasing the flow rate from 20 to 60 mL/min reduced the space time yield by 15 %. In
the case of the parallel configuration, the space time yield was at a maximum at shorter
residence times. This result gives further evidence that this cell design was far less
efficient than the sandwich configuration.

The fractional conversion of Fe(CN)64" to Fe(CN)63" was better than 99 % for both cell
designs. The sandwich configuration was again seen to be a more efficient cell design.
Interestingly, fractional conversion increased with decreasing residence time, or
increasing flow rate, due to enhanced electrolyte turbulence.
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In this study w e have presented a method of characterising the efficiency and
performance of electrochemical flow cells utilising three dimensional reticulated
vitreous carbon foam electrodes. Such cell design characterisation is critical for the
successful implementation and scale up of the electrochemical cell. On the basis of the
above comparisons the new improved sandwich electrohydrodynamic cell (Chapter 2,
Figure 2.6) was used for most of the electrohydrodynamic polymerisations described in
this thesis.
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